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Abstract
As fluorescence parameters such as lifetime, quantum yield, anisotropy and polarisation quantum are extremely sensitive to 
fluorophores’ microenvironmental changes, changes in the properties of the fluorescence probe have been widely used to study 
hydrophobic interactions in protein and membrane biology. The current study determines the critical micelle concentration 
(CMC) of mixed micelles of sodium dodecyl sulfate (SDS) and cationic surfactant N-dodecyl phosphocholine (DPC) based 
on fluorescence intensity measurements. biomolecular structure analysis and dynamics revealed through the measure of 
changes in the nanosecond time range. As the temperature rises, the onset of micellization tends to occur at higher concen-
trations. It was measured versus micelle concentration over a temperature range of (288–338) K. The obtained results were 
used to estimate the micellization thermodynamic parameters. Surfactant CMC drops to a minimum (T = 308 K) and then 
rises with temperature forming a parabolic curve as a function of temperature, according to experimental data. The CMCs 
are first correlated by a polynomial equation to determine the enthalpy of micellization. Both ΔH

mic
 and ΔS

mic
 appear to 

decrease monotonically as temperature rises. ΔGmic is negative, indicating that the micellization process is exothermic and 
favorable. The compensation temperature (Tc) ranged from (313–318) K by linear regression over the whole temperature 
range and for DPC, SDS, and mixed micelles together.
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1  Introduction

Some factors influence the success of a synthetic therapeu-
tic carrier [1]. First, the drug’s physiochemical limitations 
must be addressed; second, the biological barriers to reach-
ing the targeted tumorous tissue must be addressed. Con-
cerning each disease's distinct characteristics (the plasma 

and subsequent protein corona), recommend the develop-
ment of personalized nanomedicine[2]. Nanocarriers are 
being developed for a variety of malignancies, as well as 
chemotherapy medications [3]. The ability of membrane-
active peptides to associate with the cell membrane is 
closely related to their structure and activity[4]. Among the 
most notable membrane models suited for membrane inter-
action investigations, the match of biological membranes 
diminishes in the sequence of liposomes, micelles, and 
mixed micelles [5]. Because of their short rotational cor-
relation time, micelles represent a reasonable compromise 
between an appropriate membrane model and the need for a 
somewhat quick tumbling mechanism. Specifically, several 
micellar carriers with hydrophobic chemotherapy drugs in 
their core are making great progress in clinical trials[6]. Sur-
factants aqueous solutions such as dodecyl phosphocholine 
(DPC) and sodium dodecyl sulfate (SDS) are the most often 
used micellar membrane-mimicking systems. DPC forms 
micelles that have a zwitterionic surface that closely resem-
bles vertebrate cell membranes. DPC/SDS form a membrane 
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with a minor dominance of negative charges, as observed 
in DPC/SDS mixed micelles, which can also be utilized to 
imitate the electrostatic characteristics of vertebrate plasma. 
However, using SDS to simulate a membrane environment 
is not always a good idea. The addition of SDS to DPC, on 
the other hand, can be explained by the increased stability 
of the zwitterionic micelles and the enhancement of these 
solute–solute interactions [7].

In an aqueous solution, the hydrophilic portion of the 
amphiphilic solvates the micelle structure to minimize unfa-
vorable interactions between the polar solvent and the hydro-
phobic region. Micelles have proven useful in medical appli-
cations due to their ability as hydrophobic guest molecules 
are captured. Micelle assembly must be well-characterized 
before it can be used in medical applications. Micelle assem-
bly is a concentration-dependent process with a distinct 
transition at the critical micelle concentration (CMC). sug-
gesting enhancement of the hydrophobic microenvironments 
monitored by both drugs in the premicellar and self-aggre-
gates, Surfactant molecules can be free in solution at con-
centrations lower than this. As the surfactant concentration 
rises above the critical micelle concentration, the molecules 
congregate forming micelles. While the CMC is largely 
determined by the surfactant's chemical properties, it is also 
affected by surrounding environmental factors like pH, tem-
perature, and ionic strength. Several techniques, including 
electric conductivity, light scattering, surface tension, and 
viscosity, have been employed to detect the CMC of vari-
ous surfactants [8]. Unlike surface tension and conductivity 
methods, which require indirect determination, utilizing the 
fluorescence probes to determine the point at which micelles 
first form allows direct determination. Besides, that surface 
tension and conductivity methods measure the surface con-
centration of surface active species and the monomer’s elec-
trolyte activity, not the micelle's presence in the solution [9]. 
Fluorescence is the phenomenon displayed when a substance 
transitions from the electronically excited state to the ground 
state. However, the association may occur between excited-
state molecules and ground-state molecules, thereby caus-
ing an emission (fluorescence). This state is referred to as 
an exciting complex. If it comprises identical molecules, 
it is referred to as an excited dimer (excimer). If it com-
prises two different molecules, it is referred to as an exciplex 
[10]. Pyrene is one of the well-investigated molecules for 
excimer-based sensing, with a monomer emission at around 
370–380 nm and an excimer emission at 460–480 nm[11]. 
Pyrene partitions itself between the aqueous and hydrocar-
bon-like micellar core. It is a spatially fluorescent probe for 
CMC determination using the F3/F1 method, which is the 
ratio between the first and third vibrionic peaks at 374 nm 
and 483 nm, respectively as excitation develops at 336 nm 
[12, 13]. Monomeric fluorescence displays an ensemble of 
emission peaks (375–405 nm) and an additional band (called 

excimer) at ∼460 nm when two fluorophores are spatially 
proximal. An intense excimer band was revealed when 
the distance between pyrenes was ∼5 Å from each other 
[14]. The emitted fluorescence spectrum is detected using 
a fluorometer, which requires a quartz cuvette, and is then 
analyzed for CMC determination. It has been discovered 
that I1/I3 for pyrene is highly dependent on the surfactant 
head group, but is unaffected by surfactant concentration, 
hydrocarbon chain length, or the presence of external addi-
tives such as hexane or electrolytes [15]. Li investigated 
the factors affecting CMC determination with pyrene as a 
probe [16]. Akbas refered to the chief role of thermodynamic 
parameters to accomplish the monomer-micelle equilibrium 
with solvent [17]. The determination of micellization ther-
modynamic parameters in an aqueous environment, such as 
the Gibbs free energy Gmic, enthalpy ΔHmic, entropy ΔSmic, 
Heat capacity ΔC, and Enthalpy–entropy compensation is 
more significant since these factors evaluate the relative rel-
evance of hydrophobic interactions, surfactant-water con-
tact, and head-group repulsion (for ionic surfactants). The 
temperature dependence of the critical micelle concentration 
can be used to calculate these parameters CMC. sikorska 
have used isothermal titration calorimetry to study the ther-
modynamic properties of micellization for DPC, SDS and 
their mixtures[7]. In this work the thermodynamics and the 
micelle formation of DPC, SDS, and DPC/SDS mixed sys-
tems versus temperature, pyrene is used as a hydrophobic 
fluorescent probe to determine the formation of micellar 
structures. The fluorometric analysis of binary mixtures of 
sodium dodecyl sulfate (SDS) and the cationic surfactant 
N- dodecyl phosphocholine (DPC) is presented in this study.

2 � Materials and methods

2.1 � Materials

The cationic surfactant N- dodecyl phosphocholine 
(DPC) was supplied by Sigma-Aldrich Co, USA, Mol 
Weight: 283.5 g/mol (850336P), Sodium dodecyl sulfate 
(SDS) was provided by the Sigma Aldrich Co, USA Mol 
Weight: 288.38 g/mol(85F-0414), Pyrene was purchased 
from Chem-lab NV, Belgium, Mol Weight: 202.26 g/mol 
(CL00.168.0025), distilled water (DW).

2.2 � Preparation of solutions

2.2.1 � N‑dodecyl phosphocholine solution preparation

A stock solution of DPC with a concentration of 0.05 mol/L, 
(0.44 g in 25 mL of DW), was stirred magnetically overnight 
before use.
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2.2.2 � Sodium dodecyl sulfate solution preparation

A stock solution of SDS with a concentration of 0.04 mol/L, 
(0.34 g of SDS in 25 mL of DW), stirred magnetically over-
night before the use.

2.2.3 � Pyrene chloroform stock solution preparation 
(0.5 mM)

Preparing 6.0 × 10−7  mg/mL of pyrene in water, about 
10.1 mg of pyrene (Mr = 202.3) added to 80 mL of chlo-
roform into a 100 mL volumetric flask, which is slightly 
lower than the saturation solubility, magnetically stirred for 
dissolution, the solution rotary vaporized then the flask filled 
to the mark with distilled water.

2.3 � Preparation of samples

A concentrated surfactant solution (2CMC) that is diluted a 
ten-fold serial dilution, the concentrated surfactant solution 
containing a specified amount of pyrene(1.0–2.0 µM) was 
then poured to separate into 5 mL volumetric flasks, which 
were then filled with water to the mark [16].

2.4 � CMC Determination using pyrene 
as a fluorescent dye

The critical micelle concentration (CMC) was determined 
by using fluorescent pyrene, ultra-sonication samples for 
30 min, and measuring fluorescence after 6 h of equilib-
rium at 25 °C with a fluorometric (Denovix-QFX) Fig. 1 
using 2.5 mL in quartz vials. The excitation wavelength was 
336 nm, and the emission spectrum was 350–450 nm. The 
excitation spectra of pyrene from 350 to 900 nm were set 
at 336 nm for different dilutions assessed using a spectro-
fluorometer (Jasco FP-6500, Japan) and two-photon laser 
confocal microscopy (690–1040 nm) (Xenon arc Lamp 150 
W). The intensity of the fluorescence was plotted against 

surfactant concentration, and the point at which these lines 
intersected was calculated and determined to be the CMC. 
The fluorescence lifetime and anisotropy have been meas-
ured based on a time-resolved spectrofluorometer from Edin-
burgh Company, England model FS5. The light source used 
was a picosecond pulsed laser with a wavelength of 452 nm. 
The laser power has been optimized to the highest molecular 
brightness. All measurements have been corrected by the 
instrument response function of the apparatus.

2.5 � Fourier Transform Infrared Spectroscopy (FTIR)

FTIR spectra are analyzed with an FTIR spectrophotometer 
(PerkinElmer-99075, German) using the ATR-IR technique 
in the spectral range 4000–450  cm−1. Fourier transform 
infrared (FTIR) spectroscopy is an analytical technique 
used to identify the surface chemical structure (functional 
group, bonding types) [18]. Samples was freeze-dried under 
vacuum before measurements.

3 � Results and discussion

3.1 � CMC determination

The vibronic structure of the pyrene emission spectrum 
is polarity-dependent. The allowed and strong band F3 at 
384 nm exhibits minimal intensity variations with solvent 
polarity, in contrast to the forbidden peak F1 at 373 nm, 
the intensity of which is strongly polarity-dependent. As a 
result, changes in the intensity ratio of F3 and F1 represent 
the fluctuations in the pyrene microenvironment and could 
be used to calculate the surfactants CMC. Pyrene senses 
the polar environment of water molecules in the absence 
of surfactant, resulting in an F3/F1 ratio greater than when 
the CMC is reached (the surroundings of pyrene becomes 
progressively less polar as reflected by a reduction of the F3/
F1 ratio) [19, 20]. We plot the fluorescence intensities of sur-
factant concentration for a DPC, b 5:1 DPC/SDS, c 3:1 DPC/
SDS, d 1:1 DPC/SDS, and e SDS to determine the critical 
micelle concentration of cationic and anionic surfactants 
[21]. Certainly, many important properties of surfactants in 
solutions change dramatically at this concentration CMC 
value. Figure 2 depicts the F3/F1 variations of the surfactants 
versus concentration and temperature. Breaks in the F3/F1 
according to surfactant concentration curves are visible in 
this figure for all temperatures; these breaks are due to the 
micelle formation. At low concentrations of surfactant, there 
is little cooperation with the probe characteristic of a polar 
environment sensed by the probe. This is followed by a bind-
ing region within which there is a large uptake of surfactant 
with the possibility of the formation of surfactant premi-
cellar aggregates, which effectively incorporate the probe. 

Fig. 1   Schematic diagram of the Fluorometer apparatus (Denovix-
QFX)
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As extra surfactant is added, a CMC is reached which will 
be identified from the binding isotherm as a simultaneous 
rapid increase within the vibronic ratio and therefore the free 
surfactant concentration in solution becoming constant char-
acteristic of a more hydrophobic intramicellar environment 

sensed with the aid of using the probe. Figure 1. shows the 
presence of two extrema indicating two CMC values denoted 
by CMC1 and CMC2 for 5:1 DPC/SDS and 3:1 DPC/SDS. 
The CMC value of pure DPC at 298 K is 0.0245 M. The 
CMC was calculated for each temperature by intersecting the 

Fig. 2   Variation of CMC as a function of surfactant concentration for a DPC, b 5:1, c DPC/SDS, d 3:1 DPC/SDS, e 1:1 DPC/SDS, and f SDS as 
a function of temperature mixed micelles system in water at different temperatures
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two slopes of each curve. Table 1 displays CMC values and 
ln CMC. The CMC of SDS at 298 K is 0.0169 M. Addition 
of SDS to the DPC micelle results in a decrease in the CMC 
values to 0.0209, 0.0112, and 0.0219 M at 298 K for the 
5:1 DPC/SDS, 3:1 DPC/SDS, and 1:1 DPC/SDS systems. 
At 298 K. While the minimum CMC for 5:1 DPC/SDS, 3:1 
DPC/SDS, and 1:1 DPC/SDS micelles occurs at 308 K. 
However, it is very close to that obtained for pure DPC at 
308. For the 5:1 DPC/SDS, and 3:1 DPC/SDS, the sec-
ond transition region at CMC2 is much broader, the CMC2 
decreases with increasing temperature and decreasing DPC 
concentration. At low temperatures, both steps of the micelle 
formation processes in mixed micelles occur in two phases. 
Micellization occurs as a single step at higher temperatures, 
with only one CMC. As the probability of hydrogen bond 
formation lowered at elevated temperatures, so at the first the 
CMC lowers and then raises. As previously stated, the CMC 
for the binary system (3:1 DPC/SDS) with surfactants with 

different charges will be significantly lower than that of each 
surfactant because of electrostatic attraction [22]. Because of 
electrostatic attractions between the cationic function group 
of DPC and the anion of SDS, it is assumed that the interac-
tion of zwitterionic DPC and anionic SDS is beneficial [23]. 
In this work, CMC values were estimated by the fluorimeter 
using pyrene as a probe molecule, which has also displayed 
to be sensitive to obtain corrupted values. Figure 3 displays 
a spectral comparison of pyrene diluted in aqueous solutions 
with a varied concentration of representative DPC, 3:1 DPC/
SDS, and SDS. The increase in Fluorescence intensity with 
the increase in surfactant concentration is because of the 
integration of solute molecules to micelles. As more pyrene 
molecules are incorporated to micelles core the absorbance 
value. Besides the obvious increase in fluorescence intensity. 
whilst the concentration increases, a red shift of the maxima 
is likewise perceived. As the hydrophobic probe (pyrene) 
pass into the micelles hydrophobic core from the external 
aqueous medium.

Using time-resolved fluorescence and steady-state 
anisotropy techniques, Fig. 4 showed the fluorescence 
spectra of Pyrene as a free dye and Pyrene with 3:1 DPC/
SDS in  aqueous solution for 3:1 DPC/SDS surfactant 
(0.012 Mol/L) and (0.0056 Mol/L). Pyrene in water solu-
tion, the emission spectrum has only less broadband with 
a maximum at 524 nm on excitation with 452 nm pulsed 
laser), the broadening could be a result of such similar 
spacing in the vibrational bands of both excitation and 
ground state bands. On inseting a small amount of 3:1 
DPC/SDS (0.012 Mol/L) in pyrene, the fluorescence inten-
sity red-shifted to 532 nm with the appearance of an extra 
well-defined sharp band fluorescence band around 380 nm. 
The shift proves the chemical reaction between the 
micelles and the dye which is also clear from the chang-
ing of the energy gap. Moreover, the new hybrid energy 
levels seem to disorder the vibrational levels spacing [24] 
and make it different than those of the ground state causing 
decreasing in the emission band broadening. The previous 
emission spectra prove the integration of the Pyrene to 
the micelles, To confirm that the Pyrene was inserted into 
the micelle molecules. In this regime, different techniques 
could be utilized such as fluorescence (Cross) Correlation 
Spectroscopy (FCS, FCCS) and even Förster resonance 
energy transfer (FRET). One of the methods which could 
be proven is the time decay anisotropy, by fitting the ani-
sotropy decay curve one could obtain the correlation time. 
Time-resolved fluorescence anisotropy measurement is 
used as an indirect method to determine the structural 
arrangements [25]. The rotational correlation time (tc) of 
a probe molecule in micellar assembly is determined using 
time-resolved anisotropy measurements, which is consid-
ered evidence of the diffusing molecule size and shape 
being approximately the same. Using the Einstein-Stokes 

Table 1   CMC and ln CMC as a function of temperature

Micelles T(k) CMC (mol L−1) Ln CMC (mol L−1)

DPC 288 0.0251 ± 0.01 − 3.6849 ± 0.38
298 0.0245 ± 0.00 − 3.7091 ± 0.01
308 0.0245 ± 0.00 − 3.7091 ± 0.01
318 0.0248 ± 0.00 − 3.6969 ± 0.01
328 0.025 ± 0.00 − 3.6889 ± 0.01
338 0.0251 ± 0.00 − 3.6849 ± 0.01

5:1 DPC/SDS 288 0.0244 ± 0.00 − 3.7132 ± 0.01
298 0.0209 ± 0.00 − 3.8680 ± 0.01
308 0.0195 ± 0.00 − 3.9373 ± 0.02
318 0.0219 ± 0.00 − 3.8213 ± 0.00
328 0.0224 ± 0.00 − 3.7987 ± 0.07
338 0.0245 ± 0.00 − 3.7091 ± 0.01

3:1 DPC/SDS 288 0.012 ± 0.00 − 4.4229 ± 0.03
298 0.0112 ± 0.00 − 4.4918 ± 0.02
308 0.011 ± 0.00 − 4.5099 ± 0.01
318 0.0123 ± 0.00 − 4.3982 ± 0.01
328 0.0126 ± 0.00 − 4.3741 ± 0.01
338 0.0126 ± 0.00 − 4.3741 ± 0.01

1:1 DPC/SDS 288 0.0251 ± 0.00 − 3.6849 ± 0.01
298 0.0219 ± 0.00 − 3.8213 ± 0.01
308 0.0209 ± 0.00 − 3.8680 ± 0.01
318 0.0224 ± 0.00 − 3.7987 ± 0.01
328 0.0239 ± 0.00 − 3.7339 ± 0.00
338 0.0245 ± 0.00 − 3.7091 ± 0.00

SDS 288 0.0178 ± 0.00 − 4.0286 ± 0.01
298 0.0169 ± 0.00 − 4.0804 ± 0.08
308 0.0182 ± 0.00 − 4.0063 ± 0.01
318 0.0195 ± 0.00 − 3.9373 ± 0.02
328 0.0199 ± 0.00 − 3.9170 ± 0.01
338 0.0204 ± 0.00 − 3.8922 ± 0.00
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relation one could estimate the hydrodynamic radius of the 
diffused molecule. the fitting parameters are presented in 
Table 2. Figure 5 shows the time decay anisotropy decay of 
3:1 DPC/SDS surfactant (0.012 Mol/L) and (0.0056 Mol/L 
fits the tail fitting exponential decay function with a rota-
tional time of 0.696, 0.682 ns, obviously indicating similar 
structural arrangements[26]. The increase of anisotropy 
accompanied with a decrease of the mobility because of 
the monomer-micelle equilibrium (5–12 mM surfactant). 
From the rotational correlation time, one could use the fol-
lowing relation to calculate the hydrodynamic molecular 

Fig. 3   Fluorescence spectra of Pyerne at various concentrations of a DPC, 3:1 DPC/SDS, and SDS

Fig. 4   Fluorescence spectrum of pyrene dye (black line), 3:1 DPC: 
SDS (0.01Mol/L) (red line) and DPC: SDS 3:1(0.056 Mol/L) (green 
line), excited with 452 nm pulsed laser

Table 2   Fitting parameters of the time decay anisotropy

Sample ro r∞ τc (ns) V × 1030(m3)

1:3 DPC: SDS (0.011Mol/L) 0.4 0.102 0.696 2.86
1:3 DPC: SDS (0.011Mol/L) 0.6 0.18 0.682 2.8
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volume (V) of the diffused molecules depending on the 
viscosity of the medium ( � ) and the temperature in kelvin:

where k is the Boltzmann constant.
from the previous relation, the average volume of micelles 

can be measured for both concentrations as it is presented in 
Table 2. The average volume varied slightly for both con-
centrations, hence we can conclude that the monomers have 
succeeded to perform self-assembly forming the micelles.

The FTIR spectra of SDS, DPC, SDSCMC, DPC-
SDSCMC, and SDSCMC are displayed in Fig. 6. The FTIR 
spectrum bands for SDS revealed distinct peaks at the 
3291 cm–1 (− OH stretching), 2900, 2841, and 1281 cm–1 

�
c
=

�V

kT
,

(− CH2  stretching and bending modes), the 1208  cm–1 
(S–O stretch), the 1027 cm–1 (C–C band stretching), and 
the 800 and 400 cm−1 (asymmetric C–H bending of the CH2 
group) [27]. FTIR spectrum bands for DPC revealed discrete 
peaks at 2900, 2841 cm−1 (− CH2 stretching and bending 
modes, and 1072–487 cm−1 (P–O) [28]. The formation of 
the DPC, SDS micelle can be confirmed by FTIR spectros-
copy comparing the spectrum of the micelle with the indi-
vidual components (N-dodecyl phosphocholine and sodium 
dodecyl sulfate) as seen in Fig. 6. There was a significant 
difference between the SDSCMC, DPC-SDSCMC, SDSCMC 
and SDS, DPC. The spectrum also displayed a diminished 
intensity in the peak at 1642 cm−1. These results suggested 
that hydrogen bonding between N-dodecyl phosphocholine 
and sodium dodecyl sulfate plays a foremost role during the 
formation of the micelle. These data suggested that hydrogen 
bonding might present itself throughout the formation of the 
micelle because the intensity of the vibration bands of the 
methylene group concerned with interaction changed and 
some diminished.

Gibb's free energy of micellization is produced from the 
surfactant’s critical micelle concentration (CMC), the Gibbs 
free energy of micellization can be approximated as:

where ΔG
mic

 Is the change in Gibbs free energy of micelliza-
tion, RT is the thermal energy, CMC is the critical micelle 
concentration.

The enthalpy of micellization ( ΔH
mic

) are evaluated the 
CMCs are first correlated by a polynomial equation, ( ΔH

mic
) 

is obtained based on the following thermodynamic relation:

ΔG
micellization

= RTln(CMC) [30]

Fig. 5   The time decay anisotropy of both CMCs and the tail fitting 
according to the pierren model (r(t) = (ro − r∞) exp(− t/τc) + r∞)

Fig. 6   FTIR spectrum of various concentrations of a DPC, 3:1 DPC/
SDS, and SDS
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The entropy of micellization ΔS
mic

 is obtained from the 
relationship:

ΔG
mic

 is Gibbs free energy, ΔH
mic

 is the enthalpy of the 
system, T  is temperature, ΔS

mic
 is the entropy of the system.

Gibb's free energy of micellization is produced from the 
surfactant’s critical micelle concentration (CMC). Thermo-
dynamic parameters obtained from micelle formation are 
listed in Table 3 for DPC, SDS, and DPC/SDS mixed [30].

The thermodynamic parameters were graphed versus 
temperature. Figure 7 depicts the temperature-dependent 
variation of these surfactants' thermodynamic parameters. 
Table 3 also shows that the ΔGmic is negative and decreases 
with increasing temperature in the entire studied temperature 
range. The ΔGmic negative value is similar to the previous 

ΔH
mic

= RT
2 dlnCMC

dT
.

ΔG
mic

= ΔH
mic

− TΔS
mic

[7]

studies. [7, 31, 32]. Micellization is exothermic for the stud-
ied surfactants in the temperature range (ΔGmic is negative). 
ΔSmic appears to increase with temperature; the increase 
in ΔSmic in a solution can be explained by the fact that, in 
the unassociated form, the surfactant molecules are free to 
ramble around in the aqueous medium. But in the form of 
a micelle, they get agglomerated that decreasing the inde-
pendent movement freedom (decreasing the entropy of the 
system). The water molecules form an iceberg around the 
molecules of the surfactant resulting in an overall order-
ing of the system, translocating the surfactant molecules 
from the aqueous medium to the micelle core would break 
the iceberg that in turn positively elevate the entropy of the 
system. Furthermore, the rotational freedom degree of the 
surfactant hydrophobic chain in the nonpolar micelle core 
is considerably greater than in the aqueous medium; the 
entropy of micellization is negative in all temperature ranges 
and increases with temperature (the micellization process is 
exothermic). It can be explained that as temperature rises, 

Table 3   Variation of the 
thermodynamic parameters 
of micelle formation for the 
DPC, b 5:1 c DPC/SDS, and 
d 3:1 DPC/SDS, e 1:1 DPC/
SDS, f SDS as a function of 
temperature

Micelles T (K) ∆Hmic (KJ mol−1) ∆Gmic (KJ mol−1) T∆Smic (KJ mol−1)

DPC 288 1.599 − 8.823 − 10.422
298 0.893 − 9.190 − 10.082
308 0.078 − 9.498 − 9.576
318 − 0.849 − 9.774 − 8.925
328 − 1.896 − 10.059 − 8.163
338 − 3.068 − 10.355 − 7.287

5:1 DPC/SDS 288 4.780 − 9.096 − 13.876
298 2.559 − 9.583 − 12.142
308 0.0002 − 10.082 − 10.083
318 − 2.914 − 10.103 − 7.189
328 − 6.200 − 10.359 − 4.159
338 − 9.876 − 10.423 − 0.547

3:1DPC/SDS 288 6.840 − 10.590 − 17.430
298 3.210 − 11.129 − 14.339
308 − − 0.964 − 11.549 − 10.585
318 − 5.711 − 11.628 − 5.917
328 − 11.058 − 11.928 − 0.870
338 − 17.033 − 12.292 4.741

1:1DPC/SDS 288 11.786 − 8.823 − 20.609
298 6.763 − 9.467 − 16.231
308 0.969 − 9.905 − 10.874
318 − 5.635 − 10.043 − 4.408
328 − 13.089 − 10.182 2.907
338 − 21.432 − 10.423 11.009

SDS 288 0.391 − 9.646 − 10.037
298 − 0.819 − 10.110 − 9.2902
308 − 2.197 − 10.259 − 8.062
318 − 3.752 − 10.410 − 6.658
328 − 5.491 − 10.682 − 5.191
338 − 7.424 − 10.937 − 3.514
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Fig. 7   Variation of the thermodynamic parameters for the micelle for-
mation for the DPC, b 5:1 c DPC/SDS, and  d  3:1 DPC/SDS, e 1:1 
DPC/SDS, f SDS versus temperature. The intersection of the second 

polynomial equation of ΔGmic and − TΔSmic as a function of tempera-
ture is the transition temperature, To
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the head group becomes more hydrated than the hydropho-
bic tail, increasing the order of the system and a decrease 
in entropy.

The temperature (To) at which the enthalpy of micel-
lization equals zero and the process becomes entropically 
driven is calculated by intersecting the second polynomial 
approximation of the temperature dependence of ΔGmic 
and − TΔSmic terms, as shown in Fig. 7. To temperatures were 
determined to be 307, 306, 304, 308, 292 K for DPC, 5:1 
DPC/SDS, 3:1 DPC/SDS, 1:1 DPC/SDS, and SDS, respec-
tively. To lower as the concentration of negatively charged 
DPC is high as in 5:1 DPC/SDS, and 3:1 DPC/SDS.

3.2 � Micellization heat capacity

At constant pressure, the first derivatization of ∆Hmic gives 
heat capacity ∆Cmic, As the equation of enthalpy is linear 
in the studied temperature range. The dry hydrogen atoms 
number (nH) in a surfactant micelle with a straight hydro-
carbon chain that is not in contact with water is represented 
by this corresponding equation:

In the current study, all of the ∆Cmic values were negative 
in all entire temperature ranges studied, leading to micelle 
formation. ∆Cmic values become more negative as the tem-
perature rises.

∆Cmic values at 338  K are − 93.228, − 292.784, 
− 476.895, − 663.580, and − 156.121 J mol−1 K−1 a DPC, 
b 5:1 c DPC/SDS, d 3:1 DPC/SDS, e 1:1 DPC/SDS, and f 
SDS, respectively. It is found that about 3, 8, 14, 20, and 5 
hydrogen atoms are not in contact with water in DPC, SDS, 
9:1 DPC/SDS, and 5:1 DPC/SDS, respectively, correspond-
ing to the terminal methyl group for DPC micelle, two meth-
ylene groups for pure SDS, and three, six, and eight meth-
ylene groups for 5:1 DPC/SDS, 3:1 DPC/SDS, 1:1 DPC/
SDS. From these results, we can conclude that the DPC/SDS 
mixed micelles appear to be less exposed to hydrophobic 
tails to water than the pure surfactants, which could indicate 
a more compact assembly and a higher aggregation number.

∆Hmic can be supposed to show the change in hydropho-
bic dehydration during micellization. The greatest changes 
in ∆Hmic are observed for 1:1 DPC/SDS, where hydrophilic 
dehydration is associated with a sodium ion, sulphate polar 
headgroup, and phosphate group as well as hydrophobic 
dehydration.

3.3 � Enthalpy–entropy compensation

The free energy ∆Gmic is estimated to be negative for all 
temperature ranges in Table 3, which means the micelle for-
mation process is thermodynamically favorable. At lower 

ΔC
mic

= 33n
H

[34].

temperatures, the entropy contribution to the free Gibbs 
energy is significant compared to the enthalpy term. At 
higher temperatures, the ∆Hmic becomes more negative, and 
its contribution to the ∆Gmic increases. However, the entropy 
of micellization is calculated to be positive and decreased 
at higher temperatures. As a result its contribution to the 
∆Gmic also decreases. Thus, ∆Gmic reveals a slight temper-
ature dependence. Differences in the standard enthalpy of 
reaction ∆Hmic for different reactions may be compensated 
for by differences in the standard entropy of reaction ∆Smic. 
Figure 8 the enthalpy–entropy compensation results.

Enthalpy–entropy compensation is the concept of the 
linear relationship between either the enthalpies ∆Hmic and 
entropies of activation ∆Smic changes of a series of similar 
reactions, implies the following equation:

in which Tc (The slope) is the compensation temperature, 
ΔH*mic (the intercept) characterizes the solute–solute inter-
actions corresponding to the entropy change at a specific 
temperature giving ΔH*mic (degrees) = 0, at which the driv-
ing force of micelle formation comes only from the entropy 
term; this temperature is characteristic of the surfactant spe-
cies. The enthalpy–entropy compensation graphed for the 
micelles studied are in Fig. 8.

The Tc values are 317.34  K, 313.59  K, 318.57  K, 
317.83 K, and 315.16 K for the DPC, 5:1 DPC/SDS, 3:1 
DPC/SDS, 1:1 DPC/SDS, and SDS respectively, and are 
similar with those in previous studies for different sur-
factants [7]. The higher Tc value found for the 3:1 DPC/SDS 
mixed micelle than for the other surfactants could be due to 
some variance in the water–surfactant interaction through 
the micelle formation. The ΔH*mic values are − 9.829, 
− 10.229, − 12.096, 10.525, and − 10.535 kJ mol−1.

ΔH
mic

= T
c
ΔS

mic
+ ΔH

∗

mic
[35, 36]

Fig. 8   Enthalpy–entropy compensation graph for the DPC, b 5:1 c 
DPC/SDS, and d 3:1 DPC/SDS, e 1:1 DPC/SDS, f SDS
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The variation between DPC, 5:1 DPC/SDS, 3:1 DPC/
SDS, 1:1 DPC/SDS, and SDS is small in this case, support-
ing the theory that with a fixed number of carbon atoms in 
a straight hydrocarbon tail, surfactants with different polar 
head groups display a minor difference in the intercept 
ΔH*mic. The chemical bond formation in the activation pro-
cess often has negative effects on both ΔH*mic and ΔS*mic, 
[36]. The slight drop in ΔH*mic caused by the addition of 
SDS to DPC, on the other hand, can be accounted for by the 
increased stability of the zwitterionic micelles. We may con-
clude that when SDS/DPC mixed micelles are formed, the 
hydrophobicity of the micellar core increases while repul-
sive forces between SDS anionic heads diminish. These fac-
tors improve the stability of micellar systems.

4 � Conclusion

The micelle formation of cationic DPC and anionic SDS 
in an aqueous media has been studied by the fluorometric 
method across the entire temperature range of (288–338)°K. 
The temperature dependence of the CMC and the micel-
lization process have been investigated for DPC, SDS, 
and mixed micelles. The CMC firstly decreases and then 
increases. The minimum CMC is for 3:1 DPC/SDS (0.0110) 
mM occurred at 308 K. ΔHmic was positive, indicating that 
at a lower temperature the micelle formation process was 
endothermic and becomes increasingly exothermic as the 
temperature increases T > 308 K. It is discovered that ΔGmic 
decreased as temperature increases. addition of DPC to SDS 
in a small portion increases the hydrophobicity of the micel-
lar core and decreases repulsive forces between SDS anionic 
heads. The lowest ΔH*

mic observed in 3:1 DPC/SDS refers 
to enhancement in these interactions. We may conclude that 
DPC/SDS mixed micelle is more stable than pure ones.
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