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Abstract

The thermodynamics of the interactions between the anionic dye Acid Red 88 (AR88) and the cationic surfactant
dodecyltrimethylammonium bromide (DTA) in the aqueous solution of the nonionic surfactant Triton X-100 (TX100) at different

temperatures has been investigated by using potentiometry. The standard free energy change, DGo
1, the standard enthalpy change,

DHo
1, and the standard entropy change, DSo

1, for the first association step of DTAeAR88 complex formation in the presence of
TX100 micelles were determined and compared to the thermodynamic functions of DTAeAR88 and DTAeTX100 interactions in

binary systems. From DGo
1 results, it has been observed that irrespective of the studied temperature the binding free energy of DTA

cation to AR88 anion as well as the complex stability is lower in TX100 solution than in binary mixture. The increase in the TX100
concentration causes the decrease in the tendency of DTAeAR88 complex formation. From this it can be seen that the mode and
the strength of intermolecular interactions strongly depend on the presence of TX100 micelles. The values of DHo

1 and DSo
1 for

DTAeAR88 complex formation in TX100 solution which are directly affected by the ratio of AR88 and TX100 concentrations are
much higher compared to those obtained in binary mixtures without TX100. These results also lead to a conclusion that the binding
of DTA cation to AR88 anion in the presence of TX100 micelles, which is an entropy-driven process, is much more different from

the enthalpy-controlled formation process of DTAeAR88 complex in binary mixtures.
� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

In the theory of textile coloration, studies on dyee
surfactant and surfactantesurfactant interactions in
aqueous solutions represent the very important research
topics. The complex formation processes between dyes
and surfactants of different structures are investigated in
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binary mixtures [1e9] and in mixed surfactant systems
[10e13]. Since in dyeing processes the mixtures of
different surfactants are widely used, the interactions
between ionic and nonionic surfactants which form
mixed micelles are also of great interest [14e17].

In our previous paper [10], we presented the impor-
tance of the potentiometric method for the investigation
of the dyeesurfactant interactions in systems where
cationic and nonionic surfactants are present in aqueous
anionic dye solutions. We also applied an appropriate
theoretical model for the quantitative study of these
interactions [18]. Since we established that the nature of
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interactions between anionic dyes and cationic surfac-
tants in the presence of nonionic surfactant micelles very
much differs from the one obtained in the absence of
nonionic surfactant in the mixture, we continued with
this research work in order to find out the reasons for the
different mechanisms of intermolecular interactions in
the studied systems.

In order to explain the nature of dyeesurfactant
interactions in two and three-component mixtures quan-
titatively, the thermodynamic aspects of the binding of
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cationic surfactant dodecyltrimethylammonium bromide
to anionic dye C.I. Acid Red 88 with and without the
presence of nonionic surfactant Triton X-100 had to be
assessed. The standard free energy, enthalpy and entropy
for the first association step of the formation of the anionic
dyeecationic surfactant complex in the presence of non-
ionic surfactantmicelleswere determined and compared to
the thermodynamic functions of the dyeesurfactant and
surfactantesurfactant interactions in binary systems.

2. Experimental

2.1. Materials

The anionic azo dye C.I. Acid Red 88 (AR88,
structure I), the cationic surfactant n-dodecyltrimethy-
lammonium bromide (DTA, structure II) and the
nonionic surfactant polyoxyethylene tert-octyl phenol,
Triton X-100 (TX100, structure III) were Aldrich-
Chemical Company’s commercial products. AR88 was
purified with the repeated recrystallization from aqueous
acetone solution and from theN,N#-dimethylformamidee
acetone. DTA was purified with three recrystallizations
from acetone while TX100 was used without further
purification. Sodium dodecylsulphate (SDS) (Aldrich-
Chemical Co.), which was used for the preparation of
the ion-exchange complex, was also purified by three
recrystallizations from acetone. All solutions were
prepared in double distilled water by weighing and
expressed in molal concentrations.
2.2. Methods

2.2.1. Potentiometry
Potentiometric measurements, based on the use of

DTA-selective membrane electrode, were carried out in
the following electrode cell:

Ag jAgCl j reference solution; 1! 10�4 mol/kg
DTAC 0.1 mol/kg NaCl, j polymer membrane j test
solution; mS || KCl (satd.) | Hg2Cl2 | Hg.

Ion-selective membrane electrode was prepared by
using a well-known method [19] and constructed in our
laboratory [1,20]. The potentiometric method used was
also described in detail in other publications [1,21].

The potentiometric measurements of e.m.f. (E ) versus
total concentration (mS) of DTA were carried out in
aqueous solutions with constant concentration of TX100
higher than c.m.c. [22] (5.0! 10�3, 1.0! 10�2 and
5.0! 10�2 mol/kg), or AR88 (5.0! 10�5, 1.0! 10�4,
5.0! 10�4 and 1.0! 10�3 mol/kg), or in mixtures of
TX100 and AR88, in which the dye and surfactant con-
centrations mentioned above are used in combinations.
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All solutions contain 5.0! 10�3 mol/kg NaBr. The
temperatures used were 15, 25, 35, and 45 �C.

3. Results and discussion

Fig. 1 shows the plots of E versus logmS of DTA in
1.0! 10�4 m AR88 and 1.0! 10�2 m TX100 solutions
as well as in AR88eTX100 mixtures of the same
concentrations at four different temperatures. As it can
be seen from the figure, the calibration curves which
represent plots E versus mS of DTA in water without
added TX100 or AR88, are linear over the concentration
range of 4.1! 10�6e8.8! 10�3 mol/kg. In accordance
with the Nernstian response [23] the slope of the linear
plot was C57.0 mV/decade at 15 �C, C59.4 mV/decade
at 25 �C, C61.0 mV/decade at 35 �C, and C62.7 mV/
decade at 45 �C. All the titration curves, which represent
plots of E versus logmS of DTA obtained in DTAe
TX100, DTAeAR88 and DTAeAR88eTX100 solu-
tions, deviate from linearity over the whole concentration
rangemeasured. Since, this indicates that at anymeasured
concentration of DTA the concentration of free surfac-
tant cations, which can be detected by the DTA-selective
electrode, is lower than the total concentration, mS. The
electrode is not sensitive to DTA bounded to dyee
surfactant and surfactantesurfactant complexes.

log mS
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E
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Fig. 1. Plots of e.m.f., E, of the cell versus the logarithm of the molal

concentration, log mS, of DTA in TX100 and AR88 solutions at

different temperatures (a) 15, (b) 25, (c) 35, (d) 45 �C. -P-P-:

calibration curve, -C-C-: 1.0 ! 10�2 mol/kg TX100, -;-;-:

1.0 ! 10�4 mol/kg AR88, -B-B-: mixture of 1.0 ! 10�2 mol/kg

TX100 and 1.0 ! 10�4 mol/kg AR88.
Calibration curve was obtained below the c.m.c of
DTA, where linear behaviour is observed at any E
measured value, the total DTA concentration, mS, was
obtained from the titration curve and the corresponding
concentration, mS,F of free DTA cations from the
calibration curve. The concentration of DTA cations
from which the complexes were formed is equal to
(mS�mS,F).

The formation of dyeesurfactant and surfactante
surfactant complexes in the studied solutions can be
described as a set of multiple equilibria:

SCCD�4
K1
DS ð1Þ

SCCDS4
K2
DSC

2 ð2Þ

.

SCCDS
Cðn�2Þ
n�1 4

Kn
DSCðn�1Þ

n ð3Þ

and

SCCM4
k1
MSC ð4Þ

SCCMSC4
k2
MS2C

2 ð5Þ

.

SCCMS
Cðn�1Þ
n�1 4

kn
MSCn

n ð6Þ

where SC, D� and M refer to the free DTA cation, the
free AR88 anion and TX100 micelle, DSn

C(n�1) and
MSn

Cn to complexes with different numbers of bound
DTA cations, n, and K1, K2, ., Kn and k1, k2, ., kn are
the corresponding stoichiometric equilibrium constants.
In this theoretical approach it is assumed that only
mononuclear complexes are formed in the studied
mixtures. This is characteristic of a large number of
systems, especially of diluted solutions [18].

Since the concentration of free DTA cations as
a function of the total concentrations of DTA, AR88
and TX100 is obtained as a result of the potentiometric
measurements, the quantity of complex formation can
be expressed as the degree of binding, b. In this case the
average number of DTA cations bound to each AR88
anion, bD, or TX100 micelle, bM, can be calculated
properly from the relationships [18]:

bDZ
mS �mS;F

mD

ð7Þ

and

bMZ
mS �mS;F

mM

ð8Þ
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where mS,F is the concentration of free DTA cations, mD

is the total concentration of AR88 and mM is the total
concentration of the TX100 micelle which equals to
(mN� c.m.c.)/v; mN represents the stoichiometric con-
centration of TX100 and n its micellar aggregation
number [24]. Since in the case of multiple equilibria (1)e
(6) the concentrations of complexes can be expressed by
free DTA concentration and the association constants,
the degree of binding, b, of Eqs. (7) and (8) can be
written as:

bDZ
K1mS;FC2K1K2m

2
S;FC/CnK1K2.Knm

n
S;F

1CK1mS;FCK1K2m
2
S;FC/CK1K2.Knm

n
S;F

ð9Þ

bMZ
k1mS;FC2k1k2m

2
S;FC/Cnk1k2.knm

n
S;F

1Ck1mS;FCk1k2m
2
S;FC/Ck1k2.knm

n
S;F

ð10Þ

where it is considered that each mole of a complex
includes n moles of bound DTA.

In the solutions which contain all three components
DTA, AR88 and TX100 and considering the experimen-
tal conditions that were used, it can be assumed that
DTA cations form complexes with both species, dye
anions and TX100 micelles. Therefore, the concentration
of bound DTA cations, which can be obtained by the
potentiometric measurements, consists of two contribu-
tions e the first due to DTA binding to AR88 and the
second due to DTA binding to TX100 micelles. Since
use, the measurements of E versus mS of DTA were done
in the TX100 solution, in the presence as well as in the
absence of AR88, the difference between the deviations
of the potentiometric curves from the calibration curve
at any stoichiometric concentration is a measure of the
concentration of DTA cations bound to AR88 anions in
the TX100 solution. According to this use, the degree of
binding of DTA cations to AR88 anions, bD, in
the presence of TX100 micelles can be calculated as
follows:

bDZ
mS �mS;F � bMmM

mD

ð11Þ

For the systems where the DTA binding process
increases progressively with increased DTA concentra-
tion, the equilibrium constant K1 for the DS complex
formation between DTA and AR88, and k1 for the MSC

complex formation between DTA and TX100 micelle in
the equilibria (1) and (4) can be calculated from the Eqs.
(9)e(11) as follows [18,25]:

limmS;F/0

bD

mS;F

ZK1; limmS;F/0

bM

mS;F

Zk1 ð12Þ

If the values of bD/mS,F and bM/mS,F are plotted
against mS,F, the values K1 and k1 are obtained by the
extrapolation to zero free DTA concentration. Repre-
sentative results are shown in Fig. 2. The values of K1

and k1 for DTAeAR88, DTAeTX100 and DTAe
AR88eTX100 systems are summarised in Tables 1e3.

From the values obtained for K1 and k1 at different
temperatures (Tables 1e3), the standard free energy
change, DGo

1, the standard enthalpy change, DHo
1, and

the standard entropy change, DSo
1, for the formation of

SD and MSC complexes in the first step in multiple
equilibria (1) and (4) can be calculated as follows [26]:

DGo
1Z�RT lnK1; DGo

1Z�RT ln k1 ð13Þ

DHo
1Z

v
�
DGo

1=T
�

vð1=TÞ ð14Þ

DSo
1Z

DHo
1 �DGo

1

T
ð15Þ

It can be seen from Eq. (14) that if DGo
1/T is plotted

against 1/T, the slope of the curve at any temperature is
equal to DHo

1 at that temperature. But, if we assume that
DHo

1 does not depend on the temperature over the
measured temperature range, a plot of DGo

1/T versus 1/T
should be a straight line with a slope equal to DHo

1.
These plots are shown in Figs. 3 and 4. The thermody-
namic quantities are summarised in Tables 1e3.

For the DS complex formation between AR88 and
DTA in the equilibrium (1), with and without TX100,
the free energy change can be expressed as:

DG1ZDGo
1CRT ln

mDS

mD;FmS;F

ð16Þ
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Fig. 2. Plots of values of bD/mS,F versus the DTA free cation

concentration mS,F, obtained in mixtures of AR88 and TX100 of

different concentrations. -C-C-: 5.0 ! 10�3 mol/kg TX100 and

5.0 ! 10�4 mol/kg AR88 at 25 �C, -B-B-: 1.0 ! 10�2 mol/kg

TX100 and 5.0 ! 10�4 mol/kg AR88 at 25 �C, -;-;- :

1.0 ! 10�2 mol/kg TX100 and 5.0 ! 10�4 mol/kg AR88 at 15 �C,
-----: 5.0 ! 10�2 mol/kg TX100 and 5.0 ! 10�4 mol/kg AR88 at

25 �C.
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Table 1

Association constants, K1, and thermodynamic functions of DTAeAR88 complex formation (SC C D� 4 SD) at different temperatures

mD

(mol/kg)

T ( �C) K1! 10�4 DGo
1

(kJ/mol)

DHo
1

(kJ/mol)

DSo
1

(J/mol K)

DGo
el

(kJ/mol)

DGo
mix

(kJ/mol)

DGo
sr

(kJ/mol)

DHo
sr

(kJ/mol)

DSo
sr

(J/mol K)

5! 10�5 15 13.0 �28.2 �47.9 �4.7 9.6 �33.1 �43.5 �36.3

25 8.0 �28.0 �47.1 �5.0 10.0 �33.0 �43.8 �36.5

35 5.5 �27.9 �45.6 �5.2 10.3 �33.0 �44.2 �36.1

45 2.4 �26.7 �48.2 �5.4 10.6 �31.8 �44.5 �39.8

�42.0G 0.6

1! 10�4 15 23.0 �29.6 �43.2 �4.7 9.6 �34.4 �43.5 �31.6

25 13.0 �29.2 �43.0 �5.0 10.0 �34.2 �43.8 �32.4

35 8.5 �29.1 �42.0 �5.2 10.3 �34.2 �44.2 �32.5

45 3.3 �27.5 �45.6 �5.4 10.6 �32.7 �44.5 �37.2

5! 10�4 15 38.0 �30.8 �39.0 �4.7 9.6 �35.6 �43.5 �27.4

25 24.0 �30.7 �37.9 �5.0 10.0 �35.7 �43.8 �27.3

35 13.0 �30.2 �38.5 �5.2 10.3 �35.2 �44.2 �28.9

45 7.4 �29.6 �38.9 �5.4 10.6 �34.8 �44.5 �30.5

1! 10�3 15 50.0 �31.4 �36.7 �4.7 9.6 �36.3 �43.5 �25.1

25 30.0 �31.2 �36.1 �5.0 10.0 �36.2 �43.8 �25.5

35 19.0 �31.1 �35.3 �5.2 10.3 �36.2 �44.2 �25.8

45 9.0 �30.2 �37.2 �5.4 10.6 �35.3 �44.5 �28.9
where mDS represents the concentration of complex and
mD,F the concentration of free AR88 anions. In Eq. (16)
the term which includes activity coefficients is
neglected because the concentrations of the solutions
are very low.

On the other hand, at low concentrations DG1 can be
expressed in terms of mole fractions of the dye anions,
XD,F, the surfactant cations, XS,F, and the complex,
XDS, as follows:

DG1ZDGo
uCRT ln

XDS

XD;FXS;F

ð17Þ

where DGo
u is the standard unitary free energy for the DS

complex formation.
At very low concentrations of the surfactant and the dye

the sum of nD,F moles of the dye anions, nS,F moles of the
surfactant cations and nDS moles of the DS complexes is
much lower than nw moles of water. In this case the mole
fractions XD,F, XS,F and XDS can be written as nD,F/nw,
nS,F/nw and nDS/nw, respectively. Since, the molal concen-
trationsmD,mS andmDS can be substituted for nD, nS and
nDS in Eq. (17). For the same reason nw is equal to 1000/
MwZ 55.6 and written as 1/M0. Taking all this into
consideration, Eq. (17) can be written as:

DG1ZDGo
uCRT ln

mDS

mDmS

�RT lnM0 ð18Þ

From Eqs. (17) and (18) it follows that:

DGo
1ZDGo

u �RT lnM0 ð19Þ

where �RT lnM0ZDGo
mix, i.e. the standard free energy

of mixing which represents the contribution from the
random mixing of dye and surfactant ions with water,
when dye and surfactant ions transform to DS complex.
Table 2

Association constants, k1, and thermodynamic functions of DTAeTX100 micelle complex formation (SCCM4MSC) at different temperatures

mN (mol/kg) T ( �C) k1! 10�4 (mol/kg) DGo
1 (kJ/mol) DHo

1 (kJ/mol) DSo
1 (J/mol K) DGo

sr (kJ/mol) DSo
sr (J/mol K)

5! 10�3 15 1.8 �23.5 96.4 �33.1 129.8

25 2.3 �24.9 97.9 �34.8 131.3

35 1.9 �25.2 95.9 �35.5 129.3

45 2.4 �26.7 97.4 �37.3 130.8

4.3G 0.6

1! 10�2 15 2.6 �24.3 99.4 �34.0 132.9

25 3.0 �25.6 100.1 �35.5 133.5

35 3.3 �26.6 100.5 �36.9 133.9

45 2.9 �27.2 98.9 �37.7 132.4

5! 10�2 15 2.9 �24.6 100.4 �34.2 133.8

25 3.7 �26.1 101.9 �36.0 135.3

35 3.7 �27.0 101.4 �37.2 134.8

45 3.6 �27.7 100.7 �38.4 134.1
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Table 3

Association constants, K1, and thermodynamic functions of DTAeAR88 complex formation (S++D�4 SD) in the presence of TX100 at different

temperatures

mN (mol/kg) mD (mol/kg) T ( �C) K1! 10�3 DGo
1

(kJ/mol)

DHo
1

(kJ/mol)

DSo
1

(J/mol K)

DGo
sr

(kJ/mol)

DHo
sr

(kJ/mol)

DSo
sr

(J/mol K)

5! 10�3 5! 10�5 15 7.0 �21.2 3.8 86.8 �26.1 2.3 98.4

25 4.7 �20.9 83.0 �25.9 2.0 93.6

35 6.5 �22.5 85.3 �27.6 1.6 94.9

45 7.5 �23.6 86.1 �28.8 1.3 94.5

1! 10�4 15 8.5 �21.7 �0.3 74.2 �26.5 �1.8 85.8

25 7.1 �22.0 72.7 �27.0 �2.1 83.3

35 7.0 �22.7 72.6 �27.8 �2.5 82.2

45 8.5 �23.9 74.3 �29.1 �2.8 82.7

5! 10�4 15 15.0 �23.0 �1.3 75.4 �27.9 �2.8 87.0

25 14.0 �23.7 75.0 �28.6 �3.1 85.6

35 12.0 �24.1 73.9 �29.1 �3.5 83.4

45 15.0 �25.4 75.9 �30.6 �3.8 84.2

1! 10�3 15 26.0 �24.3 �7.3 59.2 �29.2 �8.8 70.8

25 20.0 �24.5 57.8 �29.5 �9.1 68.5

35 23.0 �25.7 60.0 �30.8 �9.5 69.4

45 18.0 �25.9 58.5 �31.1 �9.8 67.0

1! 10�2 5! 10�5 15 5.0 �20.4 11.4 110.4 �25.3 9.9 122.0

25 2.4 �19.3 103.0 �24.3 9.6 113.6

35 3.5 �20.9 104.9 �26.0 9.2 114.4

45 7.5 �23.6 110.0 �28.8 8.9 118.4

1! 10�4 15 5.5 �20.6 3.1 82.4 �25.5 1.6 94.0

25 4.2 �20.7 79.8 �25.7 1.3 90.4

35 5.0 �21.8 80.9 �26.9 0.9 90.4

45 6.0 �23.0 82.1 �28.2 0.6 90.5

5! 10�4 15 5.0 �20.4 2.7 80.2 �25.3 1.2 91.8

25 5.7 �21.4 81.0 �26.4 0.9 91.6

35 6.0 �22.3 81.1 �27.4 0.5 90.6

45 5.5 �22.8 80.1 �28.0 0.2 88.5

1! 10�3 15 7.0 �21.2 1.1 77.4 �26.1 �0.4 89.0

25 7.0 �21.9 77.3 �26.9 �0.7 87.9

35 8.0 �23.0 78.3 �28.1 �1.1 87.8

45 7.0 �23.4 77.1 �28.6 �1.4 85.5

5! 10�2 5! 10�5 15 2.3 �18.5

25 1.8 �18.6

35 5.3 �22.0

45 / /

1! 10�4 15 2.2 �18.4

25 1.6 �18.3

35 2.5 �20.0

45 / /

5! 10�4 15 1.0 �16.5 0.1 57.8 �21.4 �1.4 69.4

25 0.9 �16.9 56.9 �21.8 �1.7 67.5

35 1.7 �19.0 62.2 �24.1 �2.1 71.7

45 0.8 �17.7 55.9 �22.9 �2.4 64.3

1! 10�3 15 1.1 �16.8 �1.5 53.0 �21.7 �3.0 64.6

25 0.95 �17.0 52.0 �22.0 �3.3 62.6

35 1.2 �18.2 54.1 �23.3 �3.7 63.6

45 0.95 �18.1 52.3 �23.3 �4.0 60.7
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Differentiation of DGo
1 with respect to temperature gives

DSo
1:

DSo
1ZDSo

uCR lnM0 ð20Þ

In Eq. (20) DSo
u is unitary entropy, which represents

the contribution to the entropy due to dyeesolvent and
surfactantesolvent interactions [27,28].

The standard free energy change, DGo
1, can be

represented by three contributions:

DGo
1ZDGo

elCDGo
mixCDGo

sr ð21Þ
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Fig. 3. Plots of DGo
1/T versus 1/T for the first step of the DTAeAR88

and DTAeTX100 micelle complexes formation in binary mixtures of

different concentrations. -C-C-: 5.0! 10�5 mol/kg AR88, -----:

1.0! 10�4 mol/kg AR88, -:-:-: 5.0! 10�4 mol/kg AR88, -;-;-:

1.0 ! 10�3 mol/kg AR88, -B-B-: 5.0 ! 10�3 mol/kg TX100,

-,-,-: 1.0 ! 10�2 mol/kg TX100, -6-6-: 5.0 ! 10�2 mol/kg

TX100.
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Fig. 4. Plots of DGo
1/T versus 1/T for the first step of the DTAeAR88

complex formation in TX100 solutions of different compositions.

-C-C-: 5.0! 10�3 mol/kg TX100 and 5.0! 10�5 mol/kg AR88,

-----: 5.0! 10�3 mol/kg TX100 and 1.0! 10�4 mol/kg AR88,

-:-:-:5.0! 10�3 mol/kgTX100and5.0! 10�4 mol/kgAR88, -;-;-:

5.0! 10�3 mol/kg TX100 and 1.0! 10�3 mol/kg AR88.
where DGo
el is the electrostatic contribution resulting

from Coulombic interactions. Furthermore, DGo
sr con-

tains the contributions of all attractive short range non-
Coulombic interactions. In the first approximation DGo

el

can be expressed as:

DGo
elZ� NAe

2
0

4p3o3a
ð22Þ

where NA is Avogadro’s constant, e0 is the charge, a is
the average separation between charges in the complex,
3o is the permittivity of vacuum and 3 the dielectric
constant of solvent. For a we took 3.57! 10�10 m at
25 �C [29]. The values of DGo

el were calculated from
Eq. (22) and of DGo

sr from Eq. (21).
Since in very dilute solutions DHo

mix is equal to zero, it
follows:

DHo
srZDHo

1 �
�
DGo

elCTDSo
el

�
ð23Þ

DSo
el is obtained from the following equation [30]:

DSo
elZ� dðDGelÞ

dT
ZDGo

el

d ln ð3Þ
dT

ð24Þ

where d(ln 3)/dT is equal to �4.6! 10�3 K�1 at 25 �C
[30,31].

Finally, the standard entropy change of short range
interactions is:

DSo
srZ

�
DHo

sr �DGo
sr

�

T
ð25Þ

All the thermodynamic functions of the DTAeAR88
complex formation calculated from the equations de-
scribed above are summarised in Tables 1 and 3.

In the mixtures of 5.0! 10�2 m TX100 and
5.0! 10�5 m AR88 or 5.0! 10�2 m TX100 and
1.0! 10�4 m AR88 at 45 �C, the differences between
titration curves obtained in the presence and in the
absence of AR88 were very small which prevent us to
calculate the degree of binding of DTA cations to
AR88 anions in the presence of TX100 micelles with
the subtraction of the curves (Eq. (11)). As a result of
this the values of K1 and DGo

1 could not be determined
for these systems (Table 3). Since only three values of
DGo

1 are not enough for the graphical determination of
DHo

1 from the van’t Hoff law (Eq. (14)), the other
values of thermodynamic functions could neither be
calculated.

For the MSC complex formation between DTA and
TX100 micelle in the equilibrium (4) we use the same
thermodynamic treatment as for the DS complex
formation. The only difference from the binding of
DTA cation to AR88 anion is that for the binding
process of DTA cation to TX100 micelle, there are no
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electrostatic interactions involved. In this case Eqs. (21)
and (23) can be written in forms:

DGo
srZDGo

1 �DGo
mix ð26Þ

DHo
srZDHo

1 ð27Þ

while Eq. (25) remains unchanged. The corresponding
thermodynamic functions are brought together in
Table 2.

To be able to discuss the nature and the thermodynam-
ics of dyeesurfactant interactions in three-component
mixtures, which consist of the dye AR88 and the
surfactants DTA and TX100 of different concentrations,
as well as the influence of TX100 micelles on the strength
of DTAeAR88 interactions, it is necessary to first
analyse the binding processes of DTA to AR88 andDTA
to TX100 micelles in binary systems into the details.

The comparison of the results presented in Tables 1
and 2 shows that the values of thermodynamic functions
differ in magnitude and in sign. These results confirm
our previous investigations [14,32] that the dyee
surfactant interactions take place in different way as
the surfactantesurfactant interactions. The values of K1,
which are greater than those obtained for k1 show that
the strength of the interactions in DTAeAR88 complex
is stronger than in the complex between DTA and
TX100 micelle in all studied conditions. It is seen from
Table 1 that the values of K1 not only change with
temperature, but also with the initial concentration of
AR88. The latter one is attributed to the change in ionic
strength of the solution caused by DTAeAR88 complex
formation, when the measurements are not made in the
presence of a large excess of the electrolyte. The same
results are obtained in the literature, where the binding
processes are studied by conductometric or potentio-
metric titrations [33e35].

The standard free energy change, DGo
1, which is in

direct correlation with association constants K1 and k1,
also indicates the tendency of complex formation which
is supported by the decrease in free energy. By
comparing the values of DGo

1 for DTAeAR88 complex
formation to the values of DGo

1 for DTAeTX100
complex formation, we can find out that complexes
between DTA cations and AR88 anions form more
willingly than complexes between DTA cations and
TX100 micelles in the studied systems. Since by
increasing the temperature, DGo

1 decreases for DTAe
AR88 complex formation which indicates that the
complex formation is unfavourable, while the opposite
has been observed for DTAeTX100. For DTAeAR88
complex formation, there are three contributions to
DGo

1, DGo
el, DGo

mix and DGo
sr, while for DTAeTX100

only two contributions, DGo
mix and DGo

sr, are present. It
can be seen from Table 1 that Coulombic term DGo

el for
DTAeAR88 interactions is negative at all studied
temperatures, indicating that electrostatic interactions
between DTA cations and AR88 anions favour the
dyeesurfactant complex formation. DGo

mix, which in-
cludes soluteesolvent interactions, has the same positive
value of 9.6e10.6 kJ/mol for both studied interactions.
This contribution is opposed by the formation of
complexes DTAeAR88 and DTAeTX100 micelle.
For both binding processes of DTA to AR88 and to
TX100 the main contribution to the value of DGo

1 is
represented by DGo

sr. This contribution, which is
composed of all attractive non-Coulombic interactions,
includes dispersive, charge transfer and hydrophobic
interactions. It can also be seen from the results that the
values of DGo

sr obtained for DTAeAR88 complex
formation are very similar to those obtained for the
DTAeTX100. It should be emphasized at the same time
that the similarity in DGo

sr values does not mean that the
intermolecular forces which predominate in DTAe
AR88 are the same as those in DTAeTX100 complexes.
Due to the fact that it is not possible to separate the
contributions of DGo

sr, intermolecular forces could be
estimated only qualitatively in connection with the
values of DSo

1 and DHo
1 for both the systems.

It can be seen from Tables 1 and 2 that the DTAe
AR88 complex formation is accompanied by the
negative values of DSo

1 and DSo
sr, the high positive

values of DSo
1 and DSo

sr were obtained for the DTAe
TX100 complex formation. The positive value of DSo

1

for DTAeTX100 complex formation shows that the
system becomes more random after the transfer of
a DTA cation from the aqueous bulk phase into the
TX100 micelle, and the negative value of DSo

1 for DTAe
AR88 complex formation clearly indicates that the
binding of a DTA cation to AR88 anion causes an
increase in the order of the system. The difference in
a sign of DSo

sr values for the studied binding processes,
can be interpreted in terms of two opposing contribu-
tions. The first one, which can be attributed to the
disruption of the hydrophobically structured water
around DTA cations and AR88 anions, which occurs
when DTA binds to AR88 or to TX100 micelle, favours
the complex formation and thus gives a positive
contribution to DSo

sr. The second contribution, which
is opposed to the complex formation and thus gives
a negative contribution to DSo

sr, is the result of the loss
of the rotational and translational entropy that accom-
panies the complex formation. While the first contribu-
tion obviously prevails in DTAeTX100 complex
formation, the second one is the one which prevails in
DTAeAR88 complex formation.

Furthermore, a great difference between the DHo
1

values of DTAeAR88 and DTAeTX100 binding pro-
cesses was also obtained. The negative value of DHo

1,
which is equal to �42.0G 0.7 kJ/mol for DTAeAR88
complex formation, indicates that this process is exo-
thermic. On the other hand, the positive value of DHo

1
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equal to C4.3G 0.7 kJ/mol means that the DTAe
TX100 association process is endothermic. The results
also show that the endothermic contribution due to
hydrophobic interactions, which results from the dis-
ruption of the hydrophobically structured water around
the DTA cations when the binding process takes place,
prevails in DTAeTX100 complex formation, this
contribution has little effect on the value of DHo

1 in
DTAeAR88 complex formation. The main contribu-
tion to the enthalpy of DTA to AR88 binding process is
obviously the result of the dispersive interactions.
Taking all these thermodynamic quantities into consid-
eration, it can be concluded that the binding of DTA
cation to AR88 anion is enthalpy-driven process and the
binding of DTA cation to TX100 micelle is entropy-
driven process.

By comparing the results in Table 3, which were
obtained for DTAeAR88 interactions in TX100 solution
of different concentrations, to those of binary mixtures in
Tables 1 and 2, it can be seen that the values of
thermodynamic functions for the DTAeAR88 interac-
tions in TX100 solutions are much more different from
those obtained in binary mixtures without TX100 at the
same conditions. It means that the presence of TX100
micelles strongly affects the tendency of DTAeAR88
complex formation as well as the complex stability. The
reason for this is a change in environment, when TX100 is
added in the mixture of DTA and AR88. Much lower
values of DGo

1 and DGo
sr for DTAeAR88 complex

formation in TX100 solution compared to those obtained
in binary mixtures suggest that the binding energy of
DTA cation to AR88 anion is lower in the presence of
TX100 than in the absence of TX100 irrespective of the
studied temperature. It is also clearly seen from Fig. 5
that at all studied temperatures the tendency of DTAe
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Fig. 5. Plots of DGo
1 versus the logarithm of the molal concentration,

log mD, of AR88 for the first step of the DTAeAR88 complex

formation in TX100 solutions of different concentrations at different

temperatures. 1: 5.0! 10�3 mol/kg TX100, 2: 1.0 ! 10�2 mol/kg

TX100, 3: 5.0! 10�2 mol/kg TX100; d: 15 �C, - - - -: 25 �C, $ $ $:
35 �C.
AR88 complex formation increases with the increase of
AR88 concentration in TX100 solution of the lowest used
concentration, and that the increase in the TX100
concentration causes a decrease in the DTAeAR88
association tendency, although the concentration of
AR88 is increased. These results show that attractive
forces between DTA cations and TX100 micelles as well
as between AR88 anions and TX100 micelles create
a counter-balancing mechanism against DTAeAR88
attractive forces. In the studied system, the addition of
the surfactant TX100 highly decreases the c.m.c. of the
surfactant mixture which strongly affects the binding
process of DTA to AR88 and the DTA to TX100.

The values of DHo
1 and DSo

1 for DTAeAR88 complex
formation in TX100 solution (Table 3) are also
surprisingly unexpected. They are much higher com-
pared to those obtained in binary mixtures without
TX100 (Table 1) and they are also directly affected by
the AR88/TX100 concentration ratio. Since the value
of DHo

1 decreases with the increase in the AR88
concentration at constant TX100 concentration, the
increase in TX100 concentration results in the increase
of the DHo

1 value at constant concentration of AR88.
These changes in DHo

1 values are most likely caused by
the changes in the size of its contributions due to
hydrophobic and dispersive interactions. It also indi-
cates that the interaction process has a tendency to
convert from endothermic to exothermic by increasing
AR88 concentration and that the binding process
becomes more endothermic when the TX100 concen-
tration is increased. The high positive values of DSo

1 and
DSo

sr for DTAeAR88 complex formation in TX100
solution, which are much more similar to those obtained
for DTAeTX100 interactions than to those obtained
for DTAeAR88 in binary systems (Fig. 6), suggest that
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Fig. 6. Plots of DSo
1 versus T for the first step of the DTAeAR88 and

DTAeTX100 micelle complexes formation in binary and three-

component mixtures. -C-C-: DTAeAR88 in 1.0 ! 10�4 mol/kg

AR88, -----: DTAeTX100 micelle in 1.0! 10�2 mol/kg TX100,

-6-6-: DTAeAR88 in the mixture of 1.0! 10�4 mol/kg AR88 and

1.0 ! 10�2 mol/kg TX100.
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irrespective of the dispersive forces, which prevail in
binding of DTA cations to AR88 anions, the hydro-
phobic interactions play an important role in DTAe
AR88 complex formation in the presence of TX100
micelles. In this case the total interaction process is
entropy-driven. A very logical explanation for these
results can be that the DTAeAR88 complexes are
solubilized in the TX100 micelles. In this case the
breaking of the structured water surrounding the
hydrophobic groups of DTA and AR88 can strongly
increase the hydrophobic contribution to the value of
DSo

1. These results lead to the conclusion that added
TX100 to the mixture of DTA and AR88 strongly
affects the mode as well as the strength of the
intermolecular interactions which act between the dye
and surfactants present in the solution.

4. Conclusion

The results of the thermodynamic investigations of
dyeesurfactant interactions in different conditions
present an opportunity to discuss the mode and the
strength of intermolecular interactions which act be-
tween different species in solutions. It was observed that
the presence of TX100 micelles causes a change in
environment, which strongly affects the tendency of
DTAeAR88 complex formation. The binding energy of
DTA to AR88 is much lower in the presence of TX100
than in the absence of TX100. The addition of TX100
converts the DTA to AR88 binding process from
exothermic to endothermic. Since the value of TDSo

1

for DTAeAR88 complex formation in TX100 solution
is positive and much greater than DHo

1, this process is
entropy controlled.
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