Article

http://dx.doi.org/10.21577/0103-5053.20170130

J. Braz. Chem. Soc., Vol. 29, No. 1, 191-199, 2018.
Printed in Brazil - ©2018 Sociedade Brasileira de Quimica

Molecular Dynamics Simulations of Cetyltrimethylammonium Bromide (CTAB)
Micelles and their Interactions with a Gold Surface in Aqueous Solution

José Adriano da Silva,* Roberta P. Dias,’ Gabriel C. A. da Hora,” Thereza A. Soares*"
and Mario R. Meneghetti**

“Grupo de Catdlise e Reatividade Quimica (GCaR), Instituto de Quimica e Biotecnologia,
Universidade Federal de Alagoas, Av. Lourival de Melo Mota, s/n, 57072-970 Maceio-AL, Brazil

bGrupo de Modelagem de Biomateriais (BioMat), Departamento de Quimica Fundamental,
Universidade Federal de Pernambuco, Cidade Universitdria, 50740-560 Recife-PE, Brazil

Surfactants are molecular structures with remarkable physicochemical properties and
applications. Most of their characteristics are due to their ability to promote aggregation and
interactions with different interfaces. The scarcity of theoretical studies dedicated to evaluating the
forces involved in these interactions prompted us to propose other models capable of reproducing
the experimental data in better ways. We carried out molecular dynamics (MD) simulations to
obtain a model for cetyltrimethylammonium bromide (CTAB), selected from gromos54a7 force
field parameters, that better describes most of its behaviors in aqueous solution (micellar structure,
counterion dissociation, etc.) and its adsorption pattern on a gold surface. The parameters adopted
for one of the models were able to mimic several characteristics suggested by experimental
measurements of the CTAB micelles, as well their adsorption pattern on a gold surface. Indeed,
this model was able to obtain quasi-spherical micelles, as well as a pattern of adjacent cylindrical
micelles with alkyl chain interactions on a gold surface.
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Introduction

Surfactants are a class of compounds containing
a polar group, charged or neutral, attached to a long
hydrophobic tail."> These are remarkably versatile
compounds with a broad variety of important applications
in the pharmaceutical, medical, and food industries and
for nanomaterial synthesis.>* Above a certain temperature
in solution (the Krafft temperature), surfactants tend to
aggregate to minimize unfavorable interactions between
the surfactants and the surrounding environment.’ The
minimum concentration required for surfactant aggregation
is defined as the critical micellar concentration (CMC), and
most of the characteristics of these aggregates are controlled
by factors such as the solvent type, chemical structure of
the surfactant, and solution conditions (e.g., concentration,
temperature, presence of additives, and ionic strength).®
Variations of these factors yield aggregates with different
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morphologies such as spherical or ellipsoidal micelles,
cylindrical or thread-like micelles, disk-like micelle,
membranes and vesicles.” These self-assembled structures
have been characterized by a number of techniques, such
as dynamic light scattering (DLS),® nuclear magnetic
resonance (NMR),!? fluorescence spectroscopy,'' quasi-
elastic neutron scattering (QENS),'>!3 small-angle X-ray
scattering (SAXS),'*!15 and small-angle neutron scattering
(SANS).!617 Computational simulations have also been
employed to explore the structures and dynamical behaviors
of micelles for different surfactants.'

Considering that no holes exist within a micelle,
its radius is estimated as the maximum extension of a
hydrocarbon chain and can be evaluated by using the
following equation:

lyex = 0.15 + 0.1265n (1
where 1, is the maximum length in nm and n. is the

number of carbon atoms in the chain.' Indeed, under the
previously mentioned conditions, 1,,, plus the length of
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the polar group is approximately equal to the radius of the
spherical micelles.?

Particularly, we are interested in studying the surfactant
cetyltrimethylammonium bromide, [CH,(CH,),sN*(CH,),]Br~
(CTAB), which is a well-known example of a cationic
surfactant. CTAB exhibits antibacterial properties,*' has
applications in DNA extraction, and is widely used in
the synthesis of metallic nanoparticles as a stabilizer
and growth-driving agent of nanoparticles.?>* Its 1% and
2" CMCs in water are 0.92 mM?* and 0.27 M, respectively,
and its Krafft temperature is 298 K.* As expected, the
counterions (bromide) are located near the external
positively charged border of the CTA* aggregates; however,
it is important to mention that many assembly properties,
such as the morphology, size, charge, and intra-micellar
interactions, depend on the nature of the counterion.?”*
This is particularly evident if one compares the structural
properties of CTAB and CTAC, [CH;(CH,),sN*(CH,),]CI".
They differ in many aspects of the micellar behavior; for
example, CTAC shows no spherical-cylindrical transition
in its micelles, even at high concentrations of CTAC.?

Despite the large number of experimental studies
and large amount of data on most of the proprieties of
CTAB already at our disposal, few theoretical studies
have been dedicated to evaluating and modeling some
important characteristics of CTAB micelles. Cata et al.*°
carried out already MD simulations for CTAB in aqueous
solutions considering different micelle sizes. However,
these simulations were carried out under relatively
short simulation time (10.5 ns), that can compromise in
some aspects the results. Meena and Sulpizi*' developed
an elegant work in which created a system for MD
simulation of CTAB micelles (aggregation number 90
and time simulation 200 ns), nevertheless they did not
present any explanation for the selection of the CTAB
parameters adopted in their work. Thus, due to this lack of
information and limitations prompted us to carry out other
MD simulations for CTAB micelles, comparing different
bromide anions parameters already available in literature,
and face the results with physical-chemical properties of
CTAB micelles in aqueous solutions for model validation.
Furthermore, we also present some aspects of CTAB
micelles adsorption pattern on a gold surface.

Methodology
System setup
Five MD simulations were performed: one CTAC system,

three CTAB systems, and one CTAB/Au system, which are
denoted as CTAC, CTAB,,, CTAB,, CTAB; and CTABy/Au.
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The topology and atomic parameters for the CTA* units
were adapted from the dipalmitoylphosphatidylcholine
lipid in the GROMOS parameter set gromos54a7 (for
more details, see Supplementary Information, Figure S1).%
The Wang and Larson charges were applied to the polar
group: the nitrogen atom was assigned 0 e charge and
the amino group +0.25 e charge.*® The atom labels and
the charge distributions of the CTA* unit are described in
the Supplementary Information (Figure S2). The chloride
Lennard-Jones atomic parameter (LJAP) was taken from
the GROMOS parameter set gromos54a7.% The bromide
LJAPs adopted for evaluation were those proposed by Hasse
and co-workers* (By), Netz and co-workers® (By), and
Reiser et al.* (By). Finally, the LJAP employed for gold
was that developed by Heinz et al.*” and was already used
in previous studies.’"* All LJAPs adopted in this work are
summarized in Table 1. For the micelle systems, the number
of surfactant units used in the simulations was chosen based
on the available experimental data?’?*%40 and previous
theoretical studies.’**'%40 Thus, the input configuration
of the system was constructed, like in other former
studies, as a bilayer of 90 surfactant units and a suitable
number of water molecules for each system, ca. 4980
(see Figure 1 and Table 1).30313840 For the CTAB/Au
system, the gold surface, with a (100) facet arrangement,
was constructed using 1600 atoms, employing the protocol
described by Meena and Sulpizi.! Two CTA* bilayers,
having 90 fragments each, were added to the (100) gold
surface (Figure 2). A total of 180 By bromides were added
as counterions to neutralize the charged polar groups of
the bilayers, and 4766 water molecules were added (see
Figure 2 and Table 1).

Simulation procedures

The initial configurations were individually hydrated
and submitted to an energy-minimization procedure for
5000 steps of steepest descent. The simple point charge
(SPC) water model was used for all simulations.*! The
systems were simulated under isothermal-isobaric NPT
conditions, and periodic boundary conditions were applied
to the boxes (cubic for the bilayers and rectangular for the
simulation with the gold surface) in all directions. During
the equilibration and production phases, the leap-frog
algorithm was used to integrate Newton’s equations of
motion with a time step of 0.002 ps. Each simulation
trajectory was 200 ns long. The center-of-mass motion
was removed every 5 steps. The Berendsen thermostat was
used to sustain the systems at a temperature of 300 K via
an independent coupling of the temperatures of the solute
and solvent with a time constant of 0.4 ps.*> The pressure
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Table 1. Simulated systems and Lennard-Jones atomic parameters used for bromide and chloride ions and gold atoms

System Surfa.ctant Solvent Aggregation LJAP-12,6 / (kJ mol" nm®) i LIAP-c.e

units molecules mode Cp, x 107 C,y x 107 o/A elky 1 K
CTAC 90 4974 micelle 10.69156 1.380625 3.47 217.37
CTABy 90 4985 micelle 6.5480464 2.765569 4.54 100.00
CTABy 90 4988 micelle 2.5736 0.731899 3.89 62.54
CTABy 90 4983 micelle 5.10031 5.8243749 4.54 200.00
CTAB/Au 180 4766 layer 0.964326 2.92057 2.95 2671.71

Figure 1. Initial setup of the surfactant bilayer arrangement. The magenta
spheres represent the anions, and the gray lines and blue spheres represent
the apolar and polar regions, respectively, of the CTA* moiety. The water
molecules were omitted for clarity.

was maintained by the Parrinello-Rahman barostat by
subjecting a weak coupling of particle coordinates and box
dimensions in all directions to a pressure bath at 1.0 bar.**
Anisotropic coordinate scaling was used with a relaxation
time of 0.4 ps and a compressibility of 4.5 x 107 bar~,
which is appropriate for water. No bond constraints were
applied during the simulations. A generalized reaction-field
correction and a cutoff of 1.4 nm were used for both van
der Waals and long-range electrostatic interactions with a
permittivity (dielectric constant) of 66.* In all simulations,
the pair lists for short-range nonbonded and long-range
electrostatic interactions were updated every five time
steps. The configurations of the trajectory were recorded
every 1 ps.

The MD-derived properties that we analyzed include
the root-mean-square deviation (RMSD), partial density
number of CTA* functional groups, time-dependent
distributions of water and bromide groups, and dissociation
degree. GROMACS 4.5.5 was used for all MD simulations

Figure 2. Initial setup of surfactant bilayer arrangement on the gold
surface (yellow atoms). The magenta spheres represent the bromide ions
(By), and the gray lines and blue spheres represent the apolar and polar
regions, respectively, of the CTA* moiety. The water molecules were
omitted for clarity.

and trajectory analyses.* The software VMD version 1.9.1
was used for trajectory visualization and preparation of
the figures.*

Results and Discussion

As already mentioned above, we chose to model a
system containing 90 units of CTAB dispersed in water
that could evolve to form spherical micelles. Indeed, 90
is the expected agglomeration number (N,,,) for spherical
CTAB micelles when the CTAB concentration is just
above the 1% CMC.* Nevertheless, it is worth mentioning
that the ration between CTA* fragments and the amount
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of water molecules adopted for each simulation represents
a system well above the 1** CMC. But this compaction is
desirable to reduce the computational cost. Furthermore,
this input allows us to compare our results with previous
MD Studies.3°‘31’38'40*48

Sufficiency of time simulation

From the root-mean-square deviation (RMSD) plot
(Figure 3), one can verify that in the simulations for
CTAC, CTABy and CTABy, the conformations stabilize
at approximately 30 ns and remain stable for the rest of
the simulation, which lasts 200 ns. However, the CTAB,
model only achieves structural stability after 50 ns. Indeed,
this longer time is, in fact, mostly due to the incapacity of
the system to achieve a suitable micellar structure. Further
details are discussed below.

Molecular Dynamics Simulations of Cetyltrimethylammonium Bromide (CTAB) Micelles

J. Braz. Chem. Soc.

The micellar radius and counterion dissociation degree

To determine the average radius of the simulated
micelles, as well as the counterion dissociation degree,
we measured the radial density distributions of N and Br
elements in the simulated micelles. In general, the average
radius of the micelles can be estimated by measuring the
distance from the center to the border of the micelle, where
the density of the N or Br elements is maximum. Thus,
for the last 50 ns, the radial distributions of the simulated
micelles in water are presented in Figures 4 to 7 and
summarized in Table 2.

The simulations for CTAB,, CTABg, and CTAC
obtained the expected micellar shape for the conditions
adopted in the simulations (i.e., a spherical shape for an
N, of 90); however, the CTABy micelle model did not.
Indeed, the initially adopted structure did not evolve far

RMSD (nm)

0 1 1 1 1
0 20 40 60 80 100 120 140 160 180 200
Time (ns)
Figure 3. RMSD plot for micelle simulations. The CTAC is shown in black, CTAB, in red, CTAB in green, and CTAB in blue.
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Figure 4. (A) Plot of the radial distributions (densities) of N (blue squares) and Br (magenta circles) elements for CTABy micelles. The radial distributions
of the N and Br elements yield values of 2.24 and 2.25 nm, respectively, for the micelle radius; (B) snapshot from the MD simulation. The blue moiety
and the purple spheres represent the polar head and the bromide ions, respectively. The gray lines are the apolar tails. The water molecules are not shown

to facilitate visualization.
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Figure 5. (A) Plot of the radial distributions (densities) of N (blue squares) and Br (magenta circles) elements for CTAB, micelles. The radial distributions
of the N and Br elements yield values of 2.33 and 2.55 nm, respectively, for the micelle radius; (B) snapshot from the MD simulation. The blue moiety
and the purple spheres represent the polar head and the bromide ions, respectively. The gray lines are the apolar tails. The water molecules are not shown

to facilitate visualization.
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Figure 6. (A) Plot of the radial distributions (densities) of N (blue squares) and Br (magenta circles) elements for CTAB, micelles. The radial distributions
of the N and Br elements yield values of 2.33 and 2.42 nm, respectively, for the micelle radius; (B) snapshot from the MD simulation. The blue moiety
and the purple spheres represent the polar head and the bromide ions, respectively. The gray lines are the apolar tails. The water molecules are not shown

to facilitate visualization.

beyond the initial bilayer configuration (see Figure 4). For
this reason, the CTAB micelle model was rejected as an
archetype for our simulation studies.

The CTAB,;, CTAB;, and CTAC models were able
to generate spherical (or globular) micellar structures
in aqueous solution. Moreover, their radius values are
comparable to those obtained from experimental data,
and to the expected maximum-extension value for the CTA*
ion (ca. 2.30 nm),* even when different counterions were
employed (i.e., Cl~ and Br~). Despite the suitability of the
data, a match between the theoretical and experimental
values of the micellar radius cannot be used as the sole
criterion to choose the best theoretical model.> In this

case, counterion dissociation is another parameter that
must be analyzed.

The counterion dissociation degree (o) provides a
quantitative description of the interaction between the
counterions and the micellar surface. The o value can be
estimated by the mean number of bond counterions (ny;,gi,e)
of the surfactant polar group relative to the total number of

positive charges, which is equivalent to N, of the micelle.
Thus, o can be formulated as equation 2:*

n,. .
a=1- binding (2)

agg



196

Molecular Dynamics Simulations of Cetyltrimethylammonium Bromide (CTAB) Micelles

J. Braz. Chem. Soc.

4 . . : : . : : :
(A) A
35F | 1
: %
3l b ] J
n o
| | | ]
L a
‘%, 2.5 - ..
E g ﬂ
- 2f ‘-
|73 o .
= ] [}
E T A ¢
Z 15+ . O = Q
5 e R
. & =%
1F PN ]
g e S
0.5F F [
0 i . i
0 0.5 1 1.5 5 25 3 35 4 4.5 5

Distance from the center of micelle (nm)

Figure 7. (A) Plot of the radial distributions (densities) of N (blue squares) and CI (green circles) elements for CTAC micelles. The radial distributions of
the N and Cl elements yield values of 2.33 and 2.55 nm, respectively, for the micelle; (B) snapshot from the MD simulation. The blue moiety and the green
spheres represent the polar head and the chloride ions. The gray lines are the apolar tails. The water molecules are not shown to facilitate visualization.

Table 2. The average radii of the micelles (N,,, of 90) simulated in this

work. The radii were determined based on the highest-density areas of
N and Br atoms

Micelle model N-micelle radius / nm Br-micelle radius / nm

CTAB, 2.24 225
CTAB, 233 2.55
CTAB, 233 2.42
CTAC 233 255

The criterion adopted to decide if the halide interacts
with the cationic amino group is based on the distance
between them. According to Wang and Larson,* for CTAB,
the distance between N* and Br~ must be less than or equal
to 0.68 nm for the two ions to be considered to have a
bonding interaction. The average values for ny,g,, and
a are presented in Table 3. The plots of these measurements
for the last 50 ns are presented in the Supplementay

Information (Figures S3-S6).

Table 3. Data for the average number of bonded counterions (ny;,g,,) and
the degree of counterion dissociation (o)

Model Dpinging o
CTABy 81.98 0.08
CTABy 59.92 0.33
CTAB, 67.47 0.25

The o value for CTAB has been experimentally
determined by several techniques, such as electrophoretic
mobility (o0 = 0.24),% conductivity (o0 = 0.22),% rate of
deprotonation of benzimidazole in CTAB-NaBr mixtures

(o0 = 0.25),%! dynamic light scattering (o0 = 0.22),%? Krafft
temperature (0. = 0.25),% and chemical trapping of free
counterions (o = 0.25).* By comparing the o values from
our simulations with the experimentally obtained values,
we can verify that the CTAB, and CTAB} models are
inappropriate, as their o values are too low and too high,
respectively, compared to the experimentally determined
values. However, the o value of 0.25 obtained with the
CTABg model is quite satisfactory and matches several
experimental results.
In terms of ion-water interaction for the three bromide
models, the measurement of the position of the first
maximum radial distribution function of water around the
ion (1,,,,) and hydration number in the first hydration shell
around (n, ,,), under similar conditions, is respectively, 3.4 A
and 6.5 for B, 3.3 A and 6.0 for By,* and 3.5 A and 7.6 for
B.* In this perspective, the bromide By, with a relatively
small hydration layer, should display a stronger interaction
with the CTA* polar group. This must be the reason the
CTAB| does not evolve to the expected micellar form. Thus,
according to all simulation results, the CTAB; model was
selected as the best template for representing CTAB behavior
in aqueous solution and is used in further studies.

Simulation of CTABy adsorption on a gold surface

To determine whether our best CTAB-micellar model
in aqueous solution (CTABg) also demonstrates suitable
behaviors under interface interactions, we carried out MD
simulations of a system containing CTAB units and a gold
surface in water. As already discussed, it is well known that
CTAB acts as a growth-driving agent during the formation
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of gold nanorods in water, and not just as a mere stabilizing
agent to prevent particle agglomeration.® In general, it
is accepted that the CTAB adsorption process on a gold
surface occurs via the strong gold-bromide interactions.>
Our simulation of the adsorption of CTAB micelles
on gold surfaces shows a pattern of adjacent cylindrical
micelles anchored on gold (see Figure 8). This same trend
was already reported by Meena and Sulpizi.*'*® However,
we have also verified the occurrence of significant
interactions between the CTA* tail and the gold surface.
Thus, we measured the densities of nitrogen, the last carbon
of the hydrophobic tail, bromide, and water along the axis
perpendicular to the surface (estimated for the last 10 ns of
simulation); these results are presented in Figure 9.

L] - ) ™

i i
TR
- 'b--;" 4

Figure 8. Snapshot of the MD simulation of CTAB, adsorption on a
Au(100) surface. The yellow and dark-blue spheres represent gold and
nitrogen atoms, respectively. The gray lines are the apolar tails. The
bromide ions are represented as magenta spheres.

From Figure 9, one can observe the presence of
intramicellar channels due to the distribution of nitrogen
atoms along the entire length of the adsorbed layer on the
surface, though the presence of nitrogen is predominant
within the 0.5 nm distance from the surface. The distance
between the two maximum nitrogen peaks can be used to
estimate the thickness of the adsorbed surfactant layer; this
estimated value was 3.43 nm, which is above the value of
CTAB thickness experimentally measured on the surface of
gold nanorods. According to SANS studies,* the thickness
is approximately 3.2 nm, which indicates the existence of
a different adsorption-layer structure.
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Figure 9. Measurements of the densities of nitrogen (blue square), the last
carbon of the hydrophobic tail (gray triangle), bromide (magenta inverted
triangle), and water molecules (red circle) in relation to the gold surface.

Our CTAB-gold adsorption simulation shows that some
of the bromide ions seem to migrate through the water
channels and adsorb on the gold surface, resulting in a
density of 1.7 bromide ions per nm?, which is a higher value
than that found by Sulpizi and co-workers* (1.4 bromide
ions per nm?).

The consequence of the presence of these channels is
associated with the anisotropic growth mechanism of gold
nanoparticles.’*® In our study, it is interesting to note that
at 0.5 nm from the surface, a very dense peak appears
for the last carbon of the CTA* chain, which represents
a constant trend of carbon-tail adsorption on the gold
surface. This interaction has already been experimentally
detected by Lee er al.>" and is associated with the adsorbed
structure, on a gold-nanoparticle surface, at 0.5 to 2.0 mM
CTAB. Here, it is important to mention that this range of
CTAB concentration is considered quite low for achieving
the formation of gold nanorods. This explain why gold
nanorods cannot form under low CTAB concentrations,
as a compact layer of CTAB micelles cannot form on the
surface of gold.

Conclusions

We believe that the results obtained with our MD
simulations shed more light on the micellar structure of
CTAB in solution and on the adsorption of the species on
surfaces. In this work, we demonstrated that the selection
of suitable parameters is quite important for producing a
micellar structure in solution and modeling its interactions
with other interfaces. The comparison of simulation data
with data obtained experimentally demonstrated the great
influence of the choice of counterion parameters on the
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formation and properties of the CTAB model. It was possible
to show that the CTAB; model is capable of reproducing
various experimental properties and is a promising candidate
for use in many situations involving micellar structures in
solution or adsorbed on a gold surface. The micellar radius
(2.33 nm) and counterion dissociation degree (o = 0.25)
are consistent with experimental data. The CTAB,; model
also demonstrates specific interface interactions, such
as CTAB-gold surface interactions. The thickness of the
adsorbed surfactant layer, which is composed of cylindrical
micelles, is approximately 3.43 nm (if they were spherical,
the thickness would be approximately 4.66 nm). Relatively
few bromide ions are adsorbed on the gold surface (1.7 nm);
however, they appear throughout the length of the channels,
solvated by water molecules present in the channels. A
very dense peak appears 0.5 nm from the surface for the
last carbon of the CTAB chain, which represents a constant
trend of carbon-tail adsorption on the gold surface. This
specific CTAB chain-gold interaction was already detected
experimentally by Lee et al.’” at low CTAB concentrations,
through which stable micelles can be formed on the gold
surface.

Supplementary Information

Supplementary information (molecular structures of
CTAB and DPPC lipid; charges of the CTAB carbon and
nitrogen atoms; and the graphical representation of ) is
available free of charge at http://jbcs.sbq.org.br as PDF file.
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