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Abstract

The effect of hydrophobicity on micellar binding of carminic acid (CA), an anionic dye, with various cationic surfactants; dodecyltrimethy-
lammonium bromide (GTAB), tetradecyltrimethylammonium bromide {{TAB), cetyltrimethylammonium bromide (€TAB) cetylpyri-
dinium bromide (GgPBr) and cetylpyridinium chloride (GPC) has been studied spectrophotometrically in submicellar and micellar con-
centration range. Going from aqueous solution to the more hydrophobic micellar environment the maximum absorbance of CA shifted
a higher wavelength in its absorption maxima.The binding constantvalues of CA to cationic micelles were calculated by means of
Benesi—Hildebrand Equation and the binding of CA followed the order as:

C]_GPB > C]_GPC> C]_GTAB > C14TAB > ClzTAB

The K, values and the absorption maxima of CA in the presence of micelles showed that hydrophobic interaction plays a major role in
binding process of CA to cationic micelles.
© 2004 Elsevier B.V. All rights reserved.

Keywords: Carminic acid; Binding constant; Hydrophobic interaction; Micelles; Cationic surfactants

1. Introduction molecules and biomembrane and can act as a model redox
system11-14]

The nature of the interactions between dyes and surfac- Spectrophotometry has been widely used to study the com-
tantsis one of the basic information for understanding the pro- plexation equilibria between a dye and surfactants in solution.
cess of dyeing and finishing of textile material. Although alot Thus, spectroscopic techniques based on either the absorp-
of research work has already been done into dye—surfactantion or emission of light from a dye are used to determine
interactions, the studies in this area are still important and in- certain physicochemical properties of micelles and vesicles
teresting for the theory and technology of dyeing. The studies [15,16] Surfactants (above or below their critical micelle
on different type of dyes in agueous surfactant solutions canconcentration (CMC)) affect the electronic absorption spec-
give useful information about the mechanism according to tra of solutions of many dyelgl—6,15]and a similar effect
which surfactants operate as leveling agents and about the inis produced by the interaction between dyes and phospho-
fluence of dye—surfactantinteractions on the thermodynamicslipid membraneg8,17,18] Literature survey indicates, be-
and kinetics of dyeing proce§s-10]. side the electrostatic interactions, the hydrophaobic interac-

The dye—surfactant interactions have also been the subjections are also very important for the binding between the op-
of many studies in view of the fact that they mimic many positely charged dyes and surfactants. The electrostatic inter-
biological processes taking place between the large organicaction combined with the classical hydrophobic interactions

act concurently bringing about the largest changes, as shown
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Scheme 1. Structure of Carminic Acid.

Medel et a[20]. There is multiplebinding in these associated

tra were recorded with UV-vis Spectrophotometer (UV-1601
Shimadzu) with a matched pair of cuvets of 1cm optical
length placed in a thermostated cell holder, at@3+0.1).

All solutions were prepared at a constant CA concentration
of 1.10-% mol dm~2 during the whole process since this con-
centration is sufficiently low that no dye aggregation or other
cooperative effects could be detected. The absorption spectra
of 1.10-° mol dm2 CA solution containing cationic surfac-
tants in the concentration range from 1-2@noldm 3 to
4.10-2 mol dm2 were recorded and the reproducibility for

micellar species: evidence has been produced indicating that, .., of the spectra was0.1 nm.

hydrophobic interaction, not charge compensation, plays the  All measurements were done at least in triplicate during
main role in binding between dyes and surfactants. Chiangthe study.

and Lukton[21] report that their results on the interaction
between 2s-toluidinylnaphtalene-6-sulphonate and sodium

dodecylsulphate (NaDDS) micelles suggest that the binding 3. Results and discussion

force is hydrophobic. Analogusly, Birdi et §22] claim that
the interaction of NaDDS micelles with 1-anilinonaphtalene-

In aqueous solutions 1.& 10~°>moldmi 3 CA exhib-

8-sulphonate is hydrophobic in nature. The objective of this jted an absorbance maximump{ay) at 492 +1nm. The
paper is to understand and characterize the role of the hy-molar extinction coefficient of CAsp) at 492 nm was cal-
drophobicity on the interaction between oppositely charged culated as 8.0940.01) x 10°mol~ldm3cm~1 at 298K

dye and surfactant in aqueous solutions.
Carminic acid (7e-p-glycopyranosyl)-9,10-dihydro-
3,5,6,8-tetrahydroxy-1-methyl-9,10-dioxo-2-

anthracenecarboxylic acid) contains two distinct moieties,

a chromophore and a pendant glucose grdbghéme )1
and exists in four forms viz., ¥CA, H3CA~, H,CA2~ and

(0.1). An excellent correlatiorr{ > 0.999) indicated that
the Beer—Lambert Law was obeyed in the CA concentrations
ranges of interest. The effect of cationic surfactants at con-
centrations varied from 1.2 10~°to 4.0x 10~2mol dm3

on the absorption spectrum of CA at fixed concentration of
1.0 x 10~>moldm 2 from premicellar to micellar region

HCA3~ [23]. The data has been presented here the region atwas studied. Under working conditions at pH 5.7 CA bears

pH 5.7 that contains yCAZ~ form of CA.
In this work, the interaction of CA, an anionic dye, with

a net negative charge ancbE&AZ~ is dominant form. The
absorbance change ofx1 10~° moldm2 CA (below and

various cationic surfactants was studied both at the concen-ahove the CMC) with the concentration of TAB, C14TAB,

tration below the CMC and micellar region in agueous me-

C16TAB, C16PB and GgPC were shown irrig. 1 The ab-

dia. Benesi-Hildebrand Equation was applied to calculate the sorbance of CA initially decreased with increasing the surfac-

binding constants of CA to cationic micelles.

The effect of alkyl chain length on hydrophobic in-
teraction was compared by studying a series of alkyltri-
methylammonium bromide (JAB) i.e. dodecyltrime-
thylammoniumbromide(&TAB), tetradecyltrimethylam-
moniumbromide (G4 TAB), cetyltrimethylammonium bro-
mide (G TAB) and the effect of counterion was compared by
studying cetylpyridinium bromide (gPBr) and cetylpyri-
dinium chloride (GsPC) having the same hydrophobic
group (Gg) with pyridinium ring but different counter
ion.

2. Materials and Method

All the chemicals were of analytical reagent grade.
C12TAB, C14TAB, C15TAB, C16PBr and GePC were used of

tant concentrations well below the CMC and reached a min-
imum value and then increased again with further increasing
of surfactant concentrations above the CMC. The concen-
tration at the observed minimum is considered as CMC in
the presence of 1.& 10~°>moldm2 CA for each surfac-
tant[24]. As seen inTable 1 CMC values of all surfactants
determined spectrophotometrically were different from their
CMC in pure waterTable 1. The increase ilmax and de-
creasing absorbance values can be assumed due to some sort
of association or complex formation between dye and sur-
factant monomerft,7,8,25-27] The complex formation of

the dye—surfactant is a consequence of mutual influences of
electrostatic and hydrophobic interactions.

The increase in absorbance of CA above the CMC is gen-
erally attributed to the increase in the amount of solubilized
CA in the micelles. The absorbance and the values .k
reached the limiting value with further increase of surfactant

Sigma products. CA was obtained from Fluka. The solvents concentration above the CMC indicates that all dye molecules

methanol (MeOH), ethanol (EtOH), 1-propanol (PrOH), 1-
butanol (BuOH), pentanol (PenOH), 1-hexanol (HexOH)

are compartmentalized into micellg¥—30]i.e. the amount
of solubilized CA reach saturation. In 0.02 mol dfsurfac-

and 1-octanol (OctOH) used were spectroscopic grade prod-tant concentration the solubilization of CA in the micelles

ucts from E. Merck. Doubly distilled conductivity water

was used for solution preparation. Visible absorption spec-

is practically completed and further addition of surfactants
failed to bring about any spectral chandeg. 2 presents
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Fig. 1. The absorbance change 0k110~° moldm~23 CA (below and above the CMC) with the concentration @§TAB (X), C14TAB (0), C16TAB (@),
C16PC (O) and GgPB ().

the absorption spectra of1 10-° moldm~23 CA in various 3.1. Determination of binding constant
types of cationic micelles and, for the sake of comparison,

also in waterTable 1shows the observeignax shiftvaluesof  Change of absorption spectra of CA due to incorporation
CA in the presence of micelles. The red shift is a clear indi- into cationic micelles allows obtaining the binding constants.
cation for the incorporation of CA with five cationic micelles The equilibrium for the incorporation of the dye (D) into
and increased with increasing hydrophobicity of cationic sur- micelles (M) can be assumed to follow as
factants. Going from aqueous solution to the more hydropho-

. . . . kC
bic micellar environment the maximum absorbance of CA e

. . o ) . D+M=DM

shifted a higher wavelength in its absorption maxima and the

shift increased with the surfactant chain length fap TAB, where D, M, DM andK; represent the dye, micelle,
C14TAB, C16TAB and the most significant shift was observed dye—micelle associate and binding const&gj (espectively.
in the presence of {gPB and GgPC. The binding constant., and molar extinction coefficient
Table 1

Physical parameters of (1:0 107> mol dm~3) CA in different cationic surfactants at 298 K

Surfactants CME(mol dm3) CMCP (moldm3) Amad (ec) Kcd (mol~1 dm?) fmic®
C12TAB 1.6 x 102 7.0 x 1073 508 (8377) 120 0.706
C14TAB 35x 1073 1.50 x 1073 538 (8546) 287 0.852
Ci6TAB 9.2 x 1074 40x 1074 543 (8674) 650 0.929
Ci16PC 90 x 104 3.50x 1074 544 (9435) 1228 0.960
C16PB 686 x 1074 20x 104 546 (9569) 1520 0.970

@ The CMCs were taken from literatuf@4].

b The CMCs were obtained from spectrophotometric determination in the presencexofl®:6 mol dn—3 CA.

€ Amaxis in nm andg. is in mol dm3 cm™1; error limit in s is +1%.

d Error limit in K¢ is £5%. The correlation coefficients are 0.9970, 0.9980, 0.9991, 0.9976, 0.9938¢RBCisPC, GsTAB, C14TAB and G»TAB,
respectively.

e fmic values, at the concentrations of 0.02 moldhfor C16PB, GigPC, GgTAB, C14TAB, C1oTAB.
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Fig. 2. Visible absorption spectrum of 1x010~° mol dn3 CAin the absence and presence of 0.02 mot 8y 2 TAB, C14TAB, C16TAB, C16PC and GgPB,
respectively.

gc can be determined using the Benesi—Hildebrand Equa- C16TAB was found to be much lower than that of botfs2C
tion [31] which is valid for high surfactant concentrations and GgPB. The very high binding constants foi£B and

[5,32,33]in the following modified form C16PC showed that strong interactions occur between an-
[D]! 1 1 ionic dye CA and cationic surfactants with pyridinium ring.
Q) It is possible thatr—m electronic interactions occur between

= +

d—do ec—eo  Kc[Sml(ec — o) dye and surfactants with a pyridinium ring which do not ex-

where D andgy, (Sy = total surfactant concentration—CMC)  istin quaternary ammonium surfactants. Weaker interactions

are the initial molar concentrations of CA and the micel- could also be the result of steric hindrance arising from the

lized surfactant concentration respectivdlys the optical tetrahedral structure of the quaternary ammonium ion. As

path length of the solutiord anddg are the absorbances of shown inTable 1C16PB is more effective than PC on

CAin the presence and absence of surfactants, respectivelybinding of CA that can be explained with the difference in

ec is the molar extinction coefficient of the dye fully bound head groups, GPC has Ct and GgPB has Br [34]i.e.Br-

to micelles determined in large excess of the micelles. The is more effective than Clas expected from hydophilicity of

plot of (D)I/d — dg against 1%y was found to be linearinall  the head group.

cases. The extent of CA-surfactant interaction in the aque-  The results inTable 1show thatk. values vary directly

ous mediumK andec was calculated from the slope and with the band shift and are indirectly proportional with CMC.

intercept. Comparison of the binding degree of CAto micelles indicates
The binding constantX presented iffable 1shows  a direct correlation betweeld; and hydrophobicity. Also,

that the surfactants yield different affinities which follow the the CMC values obtained in the presence of CA has a direct

order as: relation with the hydrophobicity of the surfactants. A linear

relationship between th&. versus 1/dCMC (dCMC = CMg

C16PB > C16PC> C16TAB > C14TAB > C12TAB — CMCinduced Was obtained for TAB, C14TAB, C16TAB

The order ofK; may represent the trend of the effect on CA (Fig. 3). The linear relation betwedfy, and 1/dCMC can be

produced by the surfactant micelles. This indicates that thefitted to the following equationR? = 0.9947).

interaction of CA with cationic micelles not only depends on

the hydrocarbon chain length but also on the head group of K. = 3480 _ 36260 @)

surfactant. The values ¢f. of CA with C1>,TAB, C14TAB, dCMC
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Fig. 3. The plot of the linear relation betwekg and 1/dCMC for G,TAB, C14TAB and G¢TAB.

Comparison ofK; values for GgTAB, C16PC and GgPB
shows that the molecular structure (having pyridinum ring)

plays a fundemental role on the hydrophobic interacton and

could represent its degree of hydrophobicity.

A comparison of the efficiency of cationic micelles on
holding CA can be made also frofgic values. Once th&;
value is determined the fraction of micellized Ci\it) can
be calculated using the following equatif35].

KM

—_— 3
1+ KM (3)

fmic =
The values of i of CA calculated for 0.02 mol dm? sur-
factant concentration are listed irable 1 The fraction of
bound CA to micelles followed the same order as;

C16PB > C16PC > C16TAB > C14TAB > C;5TAB

The standard free energy chang&® can be calculated
from the values oK, as follows[28,36] AG® = —RT InK_.

AGP, which is an indication of the tendency of the binding
of CA to micelles, shows that CA interacts withdPC and
C16PB more easily and strongly than with alkyltrimethylam-
monium bromides at the same conditions. As seéralile 2

Table 2
Values of standard free energy changes for the interaction of CA with cationic
micelles

Surfactants
AG (kJ/mol)

©TAB
—11.86

C14TAB
—-14.02

C16TAB
—16.05

Ci16PC
—-17.62

CePB
-18.15

the AGP values increased with increasing hydrophobicity of
cationic surfactants.

3.2. Effect of medium polarity

As mentioned earlier CA exhibits a maximum at 492 nm
under the working conditions the increase in absorbance with
red shift caused from incorporation of CA to cationic mi-
celles.

In order to gain further insight about the localization of
CA into the various cationic micelles it has been monitored
the dependence of CA absorption on the solvent medium (a
series ofn-aliphatic alcohols). Themax shift of CA in n-
aliphatic alcohols of decreasing polarity was plotted against
the corresponding dielectric constaad).(Fig. 4 shows that
the reduction of polarity involved a red shift and that the
relationship betweehmnax (nm) and dielectric constang).

As the shifts produced by surfactants were outside the range
obtained with thes@-alcohols, the dielectric constant val-
ues characteristics of surfactants were calculateBdpy(4)
derived fromFig. 4 (Table 3.

Ln(x) = Ln 55397 — 0.035¢ 4)

The location in micelles depends upon the structure of
dye which may penetrate deeply into the nonpolar hydrocar-
bon core or remain adsorbed at relatively polar surface of
micelle[27,29] It has previously found that in the presence
of cationic surfactants, aromatic compounds with carboxylic
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Fig. 4. Amax values for 1.0x 10-° mol dm~23 CA in a series oh-alcohols (MeOH, EtOH, PrOH, BuOH, PenOH, HexOH, OctOH) as a function of the dielectric
constants of the media at 298 K.

acid groupd37] are incorporated into the water-rich Stern to that of pure ethanol even at the Stern lgyé€,41] In this
layer of the micelle in a sandwich arrangement. This per- context, it is worth mentioning the importance of the pres-
mits not only the hydration of the hydrophik€COO™~ group ence of a=COO™ group in CA. In the aromatic system with
but also the solvation of the aromatic ring of the dye by the a—COG™~ group the negative charge is delocalized and dis-
—N*(CHa)3 group and the participation of Van der Waals tributed over the terminatCOO™ group and the aromatic
interactions between adjacent surfactant chains and the dyeing of CA; thus the cationic end of the surfactant will tend to
organic moiety (hydrophobic forces). In this situation the mi- interact electrostatically less with th&€OO~. The—COO~
croenvironment of the chromophore has clearly changed from group will therefore be buried deeper in the micelle leading
that existing in the bulk phase and this change is the causeto diminished electrostatic interaction between @00~
of the spectral shift observed. Micelles are characterized by groups and the charged head-groups of the surfaf8at].
three distinct regions: a nonpolar core formed by hydrocar-  Dielectric constant of the medium derived frdgaq. (4)
bon tails of the surfactant, a compact Stern layer having theand electronic transition energy corresponding to the red
head groups and a relatively wider Gouy—Chapman Layer shift calculated fromAEtr = hc/AAmax, Where Aimax
that encompasses majority of counter ions. Depending on= Amax(CA—surfactant} Amax(CA—water) were listed in
the nature of the solute and micelle, a solute molecule may Table 3 Comparing the red shif{Anax) values in the pres-
take place either to the non-polar core of micelles or to the ence of cationic micelles it is seen that the red shiftincreased
micelle—water interfacg88,39] The micellar surfaceisless  with decreasing medium polarity.The parallelism between
polar than water and the ionic micelles have a polarity near polarity of the medium and electronic transition energies
demonstrate the significant influence of hydrophobic inter-
Table 3 action on localization as well as micellar binding degree. It
Shift of the maximal absorption of & 10-5 mol dm3 CA in the presence  can be concluded that CA molecules penetrate deeper towards
of micelles, the corresponding apparent dielectric constant and the transitionthe hydrocarbon core with increasing hydrophobicity of the

energies surfactants.

Surfactant AAmax Dielectric constant AET x 10° (joule)

C1»TAB 12 13 7.47 .

CiTAB 46 335 2.60 4. Conclusions

C16TAB 51 280 2.35

C16PC 52 272 2.30 Based on the study of the binding of CA to cationic mi-

C16PB 53.5 253 2.23 celles the following conclusions can be drawn.
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1. The Amax value of CA shifted to high wavelength in

the presence of cationic micelles studied. The magnitude

of this shift increased with increasing hydrophobicity of

cationic surfactants. The magnitudes of these red shifts
are comparable and indicate a decrease in polarity aroun

the chromophore of CA molecule.
2. TheK values of CA increased with the hydrophobicity of
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