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Abstract The critical micelle concentration (CMC) of
cetyl trimethylammonium bromide (CTAB) in both water
and ethanol-water-mixed solvent was determined using
steady- state fluorescence techniques in order to investigate
the effect of the self-assembling properties of the surfactant
on the template synthesis of porous inorganic materials.
Results indicated that the CMC increased with the increase
of ethanol concentration in the mixed solvent. The CMC of
CTAB is 0.0009 mol/L in water, while it is 0.24 mol/L in
ethanol. Furthermore, the dissipative particle dynamics
(DPD) was adopted to simulate the aggregation of CTAB in
water and ethanol/water mixtures, and the energy difference
was calculated for the surfactant tail groups after mixing with
the solvent. The simulation results reflected a regularity simi-
lar to the experimental data, i.e., tail groups of CTAB inter-
acted more strongly with ethanol than with water, which eluci-
dates the reason that the micelle is difficult to form in ethanol.

Keywords dissipative particle dynamics, cetyl trimethyl-
ammonium bromide, micelle

Aggregation properties of surfactants play important roles in
many fields such as biology, material, chemical engineering
and petroleum recovery. The template synthesis of porous
inorganic materials is based on the ordered arrangement of
particulates directed by surfactant self-assemblies. Because
of their amphiphilic property, surfactant molecules can form
different types of aggregate structures in solutions, such as
spherical, cylindrical, cubic, hexagonal and lamellar phases,
etc. Therefore, the morphology of surfactant self-assembled
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templates is fundamental to direct the pore structure of in-
organic materials. So far, most of the investigations on the
surfactant aggregation properties adopted experimental
measurements, e.g., XRD [1], NMR [2], STM [3], DLS [4],
and fluorescence spectrophotometry [S]. However, the ob-
tained experimental data usually require special analysis
based on certain assumptions, except that the XRD patterns
can directly reflect structure information of the aggregates.

A recently emerged mesoscopic simulation method pro-
vides one possible means to describe the special properties
between microscopic molecule- and macroscopic contin-
uum-level by adopting element units that are larger than
traditional atomic scale [6-7]. Dissipative particle dynamics
(DPD) is a mesoscopic simulation method that is beneficial
for investigating the flow behaviors of complex fluids and
other colloidal phenomena, such as the phase equilibria of
surfactant solutions, the phase separation of copolymer so-
lutions, aggregation properties of surfactant and polymer
mixtures, etc. using DPD simulations [8—10]. For instance,
Claesson and Fielden [11] studied the interactions between a
cationic polyelectrolyte and an anionic surfactant, sodium
dodecyl sulfate (SDS), in solutions, and found that the hy-
drodynamic radius of the multichain aggregates formed by
the polymer and surfactant decreased initially but then in-
creased as the SDS concentration was increased. Groot [12]
studied the same system using DPD simulations and con-
cluded that the varying tendency of the hydrodynamic radius
depended on the adsorption of surfactant micelles onto the
long polymer chains.

Porous silica has been synthesized using the self assem-
bled surfactant, cetyltrimethyl ammonium bromide (CTAB),
as the template [13, 14]. In this kind of template synthesis,
ethanol is usually adopted as an additive, however, its effect
on the CTAB aggregates is not well clear yet. Investigations
on the self-assembling property of CTAB in ethanol-water
mixed solvent can provide fundamental directions to the
template synthesis of nano-materials.



1 Experimental

1.1 Reagents

CTAB (analytic purity) was obtained from Shanghai
Chemicals Co. (China). Pyrene (99%) was from Sigma.
Anhydrous ethanol was from TJU Kewei Co. (China).

1.2 CMC measurements using Steady-state Fluorescence

Steady-state fluorescence measurements were carried out on
a Cary Eclipse (Varian Ltd.) using pyrene as probe. Fluo-
rescence spectra of the solution samples were recorded at
the wavelength range of 350-600 nm. The band-passes for
excitation and emission were set to 2.5 nm and the tempera-
ture was (25 = 1)°C. A typical fluorescence spectrum of
pyrene monomer displays five major structure vibronic
peaks (as shown in Fig. 1). The intensity ratio of the first
and the third vibrational bands (/,/5), defined as ‘hydropho-
bic index’, was proved to be useful to investigate the sur-
factant aggregation properties. The /;/1; value can reflect the
polarity of the local micro-environment in the aggregates.
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Fig. 1 Scan spectrum of fluorescence of pyrene in its aqueous solu-
tion

1.3 DPD simulation

The CTAB molecule was represented by five beads con-
nected with harmonic spring, in which one was the head
group, and the other four represented the tail group. Water
and ethanol are represented with a single bead respectively.
The interaction parameters o; between the head group,
the tail group and the solvent molecule can be calculated
using Eq. (1),
__ X
a, =20 T2 M
where y;; is the Flory-Huggins parameters estimated using
the Blends module in Cerius® software package (Accelrys
Software Inc.). Table 1 lists the calculated values of pa-
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rameters o;;.
All computational works were performed on the SGI
Origin3200 workstation. A cubic simulation cell of size

20x20x 2072 was used in this work. Different density

models were obtained by adding different numbers of sur-
factant beads into the cell. The initial conformation of the
system is produced randomly without constraints, the simu-
lation runs 10000 steps evolving to a steady-state. The tem-
perature was set at 298 K.

Table 1 Interaction parameters in the simulation system"
Beads %
W H T E
w 25.0 15.0 27.8 49.5
H 15.0 25.0 30.0 39.6
T 27.8 30.0 25.0 26.2
E 49.5 39.6 26.2 25.0

"E represents ethanol, H represents the head group of CTAB, T repre-
sents the tail group of CTAB, W represents water.

1.4 Solvent effect

To study the effect of solvent composition on the surfactant
aggregate properties, the molecular models were established
for water, ethanol and CTAB, respectively, and molecular
dynamic (MD) simulation was adopted to get the optimized
conformation. The energy difference (AFE) is calculated us-
ing Eq. (2),
AE = Egy — Es— Ey (2)
where Egy represents the total energy of the optimal complex
consisting of solute and solvent molecules, Ey; is the confor-
mational energy of the solute, Es is the energy of the solvent.
The value of AFE reflects the intensity of the interaction
between the solute and the solvent molecules. A negative
value of AE indicates that the complex of the solute and the
solvent is stable, and the larger the absolute value of AE, the
stronger the interaction is.

2 Results and discussion

2.1 CMC measurement using steady-state fluorescence
Figure 2 shows the plot of 7,/ of pyrene fluorescence spec-
tra versus the total concentration of CTAB in equal-volume
mixed solvent of water and ethanol. No micelles formed in
the solution at low CTAB concentration, the corresponding
Ii/I; is high, which suggests a high polar environment
around the pyrene molecule. When the CTAB concentration
is higher than CMC, the emerged micelles in solutions result
in a low polarity layer around pyrene molecules and make
the I,/I; lower.

CMC can be determined via the transition point of the
plot of I;/I; versus CTAB concentration. We changed the
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solvent composition and measured the corresponding plots
of I,/I; versus concentration so as to obtain CMC values of
CTAB in different ethanol-water mixtures. Table 2 shows
that the CMC of CTAB becomes higher under larger con-
centration of ethanol, i.e., the increase of ethanol in the sol-
vent mixture results in higher CMC of the surfactant.
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Fig. 2 Relationship between /,/I; of pyrene and CTAB concentration

in an equal-volume mixture of water and ethanol

Table 2 CMC value of CTAB in ethanol-water mixtures with differ-
ent volume fraction of ethanol

Fraction of ethanol CMC (mol L)

0 0.0009
0.1 0.0015
0.5 0.022
1.0 0.24

2.2 DPD simulations of CTAB aggregates

Figure 3 shows the isodensity profiles of the tail group of
CTAB in aqueous solutions with different CTAB contents

(e) 30%
Fig. 3

(f) 50%

after 10000 steps of DPD simulation. As the CTAB content
increased, micelles emerged in the solution and the aggre-
gate morphology changed gradually. When the content is as
low as 1%, there is only a small amount of spherical mi-
celles of CTAB. Increasing the CTAB content makes colli-
sion frequency among these spherical micelles enhanced
and gradually merged into elliptical micelles. At high CTAB
content the micelles finally transfer into cylindrical shapes.
Figures 3(b) —3(e) indicate clearly the evolving process of
micelles from spherical to cylindrical shapes, and there is a
coexisting period of these two different kinds of micelles. At
much higher content CTAB molecules aggregate into hex-
agonal and even lamellar phases (as shown in Figs. 3g—3h).
The evolvement of aggregate morphology along with the
surfactant concentration has been confirmed by experimen-
tal measurements. For instance, Yuan et al. [10] investigated
the micelle morphology of cetyl pyridinium bromide (CMC
=9 x 10~ mol/L) in aqueous solutions by using laser dy-
namic scattering (ALV/SP-125), and displayed the trans-
formation process of micelles from the spherical to cylin-
drical shapes together with their coexisting intermediate.
Although the CTAB content values used in DPD simulations
cannot correspond to the actual concentrations of solutions,
it is clear that the DPD simulation is capable of exploring
the characteristic transformation of surfactant aggregates.

2.3 Effect of ethanol on the aggregate morphology

We carried out DPD simulations of the same content of
CTAB (10%) under different solvent compositions in order
to study the effect of ethanol on the aggregate in aqueous
ethanol solutions. Figure 4 shows the steady-state aggre-
gates in five different solutions. There are obviously large
micelles at 10% aqueous CTAB solution. As the ethanol
fraction increased in the solvent mixture, the size of micelles
decreased gradually. If only ethanol is used as the solvent,
there is a small amount of tiny micelles.

(8) 70%

(h) 90%

Isodensity profiles of surfactant tail in aqueous solutions with different contents of CTAB
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(a) 0%

(d) 60%

(b) 30%

() 45%

(e) 90%

Fig. 4 Aggregates of 10% CTAB in aqueous ethanol solutions with different fractions of ethanol

We further calculated the interaction energy between
CTAB molecules and two different solvents using MD simu-
lation. The main driving force of the micelle formation was
attributed to the hydrophobic effects among the surfactant
tail groups, therefore we compared the interactions be-
tween the surfactant tail and the solvent so as to indicate ¢
the intensity of hydrophobic effects. Hexadecane molecule
was used as the model of CTAB tail group because of the
same carbon numbers and the similar structure. Table 3 lists
the energy differences of the model molecule in water and
ethanol, respectively. In ethanol the value of AE is —170.736
kJ/mol, while in water it is —73.298 kJ/mol. This suggests
that the interaction between the surfactant tail group and
ethanol is much stronger, which results in high solubility of
hydrophobic molecule in ethanol solution.

Table 3 Optimized energy of the surfactant tail and different solvents

Em Esu

Solvent Es (kJ/mol AE (kJ/mol
olvent y yimopy  ZsImOD o (kJ/mol)
Water  —184.757 24415914 —24673.969 —73.208
Ethanol ~ —184.757 —16480.515 16836008  —-170.736

These simulation results are consistent with our experi-
mental data obtained using steady-state fluorescence tech-
niques. Both results indicated that ethanol caused the CMC
of CTAB to increase, i.e., it is not so easy for CTAB to form
micelles in ethanol as in water.

fraction increases in the mixed solvent. The CMC value of
CTAB is 0.0009 mol/L in water, while it is up to 0.24
mol/L’ in ethanol. (2) DPD simulations were carried out to
study the aggregate morphology of CTAB in water and
ethanol-water mixed solvent, and MD method was adopted
to investigate the interaction energy between the tail group of
CTAB and the solvent molecule. DPD simulation results
show the evolving process of the aggregates from spherical to
cylindrical, hexagonal, and finally lamellar phase. MD calcu-
lations indicate that the hydrophobic tail group of CTAB has
strong interactions with ethanol, which make the formation of
CTAB micelle difficult in ethanol. These simulation results
are consistent with our experimental data.
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3 Conclusions

(1) CMC values of CTAB in ethanol aqueous solutions were
measured using the steady-state fluorescence technique, and
it was found that the value of CMC increases as the ethanol
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Due to typesettings production errors, some mistakes were made. The Editorial Office regrets these errors.

1) p.261, Eq. (1) 300 should be changed to 300°C;
2)  p.261, Eq. (2) 750 should be changed to 750°C;

3)  p.262, the positions of the photos in Fig.2 and Fig. 3 should be exchanged.

The online version of the original article can be found at http:// dx.doi.org/10.1007/s11458-006-0039-4
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