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Abstract Coarse-grained dynamical simulations have been
performed to investigate the behavior of a surfactant micelle
in the presence of six different alcohols: hexanol, octanol,
decanol, dodecanol, tetradecanol, and hexadecanol. The
self-assembly of sodium dodecyl sulfate (SDS) is modi-
fied by the alcohol molecules into cylindrical and bilayer
micelles as a function of the alcohol/SDS mass ratio. There-
fore, in order to understand, from a molecular point of view,
how SDS and alcohol molecules self-organize to form the
new micelles, different studies were carried out. Analysis
of micelle structures, density profiles, and parameters of
order were conducted to characterize the shape and size
of those micelles. The density profiles revealed that the
alcohol molecules were located at the water—micelle inter-
face next to the SDS molecules at low alcohol/SDS mass
ratio. At high alcohol/SDS mass ratios, alcohol molecules
moved to the middle of the micelle by increasing their size
and by producing a structural change. Moreover, micelle
structures and sizes were influenced not only by the alco-
hol/SDS mass ratio but also by the order of the SDS and
alcohol tails. Finally, the size of the micelles and enthalpy
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calculations were used as order parameters to determine a
structural phase diagram of alcohol/SDS mixtures in water.
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Introduction

It is well known that amphiphilic molecules in aqueous solu-
tion give rise to different phases such as micelles, bilayers,
vesicles, etc. [1] and their structures depend on temperature,
concentration, or by the presence of additives such as alco-
hols, polymers, surfactants, etc. In particular, it has been
observed that the adsorption of alcohol molecules in biolog-
ical membranes (cell membrane) influences their structure
and functions. For instance, Ly et al., in an experimental
study, investigated the ability of ethanol to alter mechanical
and structural properties of a lipid bilayer and how short-
chain alcohols (from methanol to butanol) increase the area
per molecule and membrane thickness [2]. On the other
hand, due to the anesthetic potency, alcohols have been used
in pharmaceutical applications to study the mechanism of
anesthesia. Klacsova et al. [3], in combined small-angle
neutron-scattering experiments and coarse-grained simula-
tions, studied structural parameters such as bilayer thickness
and interfacial areas of vesicles with long alcohol chains
(C,OH, n = 8 — 18). They found that the polar region thick-
ness of the bilayers decreases as a function of the alcohol
chain length [3]. They also found, from scattering experi-
ments, that the phase transition temperature decreases with
the alcohol chain length and concentration [4]. Then, they
suggested that the variations in the bilayer thickness can
be due to the differences in the alcohol and lipid chain
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lengths. In another combined simulational-experimental
work, Griepernau et al. [5] studied the effects of 1-alkanols
(up to tetradecanol) in lipid membranes. They found that
the use of long alcohols reduces the area per lipid while the
bilayer thickness and the order of the lipids increase. In con-
trast, a short alcohol, such as ethanol, increases the area per
lipid and reduces the bilayer thickness [5].

Besides the experiments, theoretical works have also
investigated alkanols in bilayers. Cantor, using statistical
thermodynamics, studied how alkanols (from chain lengths
n = 1 — 18) modify lateral pressure profiles in bilayers
[6]. Dickey and Faller [7], using coarse-grained and atom-
istic simulations of dipalmitoylphosphatidylcholine (DPPC)
and butanol, have shown how alcohol molecules enter
the membrane and how the area per molecule increases
with the alcohol concentration. Some other authors have
studied the effects of butanol adsorption in distearol-
phosphatidylcholine (DSPC) by mesoscopic models (such
as the dissipative particle dynamics, DPD) by reproduc-
ing the experimental phase diagram [8]. On the other hand,
coarse-grained models have also been used to study lipid
droplets to understand biological systems. Simulations of
droplets composed of different lipids, triolein, and choles-
terol have shown how those last two components form a
liquid phase inside the droplet core with few molecules at
the lipid interface [9, 10].

It has found that SDS micelles doped with hexanol
present different phases, spherical, cylindrical and bilay-
ers micelles, which can be arranged in lamellar, sponge
or vesicular geometries [11-13]. The lamellar phase is an
anisotropic arrangement of parallel stacking of bilayers sep-
arated by a solvent layer [11, 14] whereas the sponge and
vesicular phases are isotropic. Moreover, the sponge struc-
ture is a random array of multiply continuous connected
surfaces in three dimensions, i.e., the structure can be pic-
tured as a porous media [11, 12, 15] whereas the vesicle
phase can be seen as closed aggregates.

In the present paper, we are interested in the interaction
of a SDS surfactant micelle with different alcohols. The
relevance of these studies is important not only from the sci-
entific point of view (to understand the properties of lamel-
lar surfactant phases doped with alcohol molecules) but
also for the several industrial applications (detergency, oil
industry, emulsification, etc.). Moreover, the present results
will help us to understand better more complex systems
such as surfactant/alcohol/brine mixtures in the presence
of polymers. In the literature, experiments on SDS/alcohol
mixtures have been conducted to study conductivity, scatter-
ing relaxation times, bending elastic modulus [13, 16] and
phase diagrams [12, 17, 18]. In particular, in references [12]
and [18] the phase diagrams of the SDS/n-hexanol/brine
and SDS/decanol/water systems are shown, respectively.
However, information about the phase behavior over a wide
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interval of alcohol compositions and alcohol chains has not
been extensively analyzed. Moreover, the structure of those
mixtures has not been studied in detail. For instance, we
want to know where the SDS and alcohol molecules are
located in the mixture and how those molecules interact with
each other to form different structures.

Therefore, in this work, we have conducted computer
simulations to obtain more information, from a molecular
level, about the structure of the molecules in the mixture
and how different alcohol chains modify those structures.
Finally, with the information obtained from the micelles
structures and sizes, a phase diagram was constructed as a
function of the alcohol/SDS mass ratio. Bilayer systems can
be conducted using atomistic simulations if micelles sizes
are not too big. However, since information about phase
behavior can take relatively long time, atomistic simula-
tions might be very long, therefore we decided to use a
coarse-grained model for the present simulations.

Computational model

Simulations of SDS and alcohol mixtures were carried out
with the coarse-grained (CG) model developed by Marrink
et al. [19] where several atomistic sites correspond to
one coarse-grained site. Compare to atomistic approaches
coarse-grained models are less accurate to obtain physical
properties since they do not consider the exact molecu-
lar structure of molecules and they handle differently the
long-range interactions. However, structural properties are
well reproduced in most of the cases. Then, the mar-
tini force field has been used for instance in lipid sys-
tems (where molecules are composed of one hydrophilic
and one hydrophobic part) to study the structure of lipid
micelles [9, 10]. Surfactants and alcohols are also molecules
with hydrophilic and hydrophobic parts as lipids and then,
parameters for those molecules have been also developed
in the same martini force field. In the hexanol and octanol
molecules, the mapping from atomistic to CG model was
three-to-one and four-to-one, respectively, as used in pre-
vious works [3]. Similar mapping was used for the other
alcohol molecules, for decanol and dodecanol was three-to-
one and four-to-one, respectively, and for tetradecanol and
hexadecanol was three-to-one and four-to-one, respectively,
[3, 20]. In the case of three-to-one mapping, the beads had
a mass of 54 amu per site, whereas for the four-to-one, the
beads had a mass of 72 amu per site. In fact, those alco-
hol coarse-grained models have good agreement when they
are compared with neutron scattering experiments of alco-
hol on fluid bilayers [3]. In this model, a water CG site
represents four atomistic molecules. As discussed in previ-
ous papers, to avoid freezing of the CG water, antifreeze
molecules were introduced in the simulations [19, 21]. The
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parameters used in the simulations are given in the supple-
mentary information (Tables 1 and 2).

For the charged sites, a shifted Coulombic potential with
the same dielectric constant, €, = 15, discussed in pre-
vious papers [19] was used. The large value of ¢, = 15
was introduced in the CG model to account for the appro-
priate screening due to the missing electrostatic properties
of water. Previous works have suggested the possibility of
using a polarizable water model to overcome the situation in
the same CG approach, where the dielectric constant is €, =
2.5 [22]. For instance, that model has been tested in a lipid
membrane system by observing differences in electrostatic
properties compared with the standard model, however,
the structural properties do not show significant changes
[22]. Another CG model, which considers a water dipole
moment, has been developed to simulate lipid membranes
where explicit charges and dipoles sites are included [23]. In
those simulations, the relative dielectric constant €, = 1.0.
In the present study, we are interested mainly in structural
properties, therefore, we consider that the standard martini
force field is appropriate for our simulations.

Previous simulations have reported a stable SDS micelle
with 60 molecules [24, 25]. Therefore, simulations were
conducted to have a single micelle of 60 SDS molecule, i.e.,
only one micelle structure. Simulations with 120 and 180
SDS molecules were also carried out and the formation of
one micelle with a cylindrical-like shape was observed in
both cases. Since both systems were in the micellar region,
those structures might also be found. However, since we did
not find experimental available data to compare with this
structure, it was difficult to identify if it was a real struc-
ture. Therefore, the analyses were conducted for the system
with the spherical micelle since it is a stable structure [24,
25]. Then, the first simulations were conducted with 60 SDS
molecules in 3500 CG water molecules located in a rect-
angular box of dimensions 5 nm x 5 nm x 20 nm. It is
observed that SDS molecules formed a spherical micelle
with radius of gyration and micelle radius of R, = 1.50 nm
and R; ~ 1.94 nm (obtained from R; = RgﬂS/S) [21,
26]), respectively. The micelle radius was in agreement with
previous simulations (1.99 nm [27], 2.09 nm [24], 2.03 nm
[21]), and experimental results (1.81 nm [28]).

As stated before, simulations were conducted to have a
single micelle, i.e., only one structure was depicted in the
simulations. This could be a limitation of the system if direct
comparisons with actual experiments are attempted. Never-
theless, some insights about the micelle behavior and the
micelle structure can be given.

With the spherical SDS micelle already formed, differ-
ent alcohol molecules at several alcohol/SDS mass ratios
were added randomly in the system. In order to have similar
experimental conditions, all mixtures were defined in terms
of mass ratio, i.e., alcohol mass divided by SDS mass. In all

the simulations, the amount of water molecules was suffi-
cient to have a bulk phase in all the systems (see the density
profile results).

In all simulations, GROMACS package version 4.5.4 was
used [29]. As it mentioned above, antifreeze particles were
used in 10 % by changing water site parameters, P4 to BP4
[19, 21]. The nonbonded interactions were calculated with
a cut-off radius of r¢yy = 1.2 nm and the LJ potential was
switched from rghire = 0.9 to rey. The electrostatic poten-
tial was shifted from rgyiip = 0.0 to reye [19]. Simulations
were carried out in the NPT ensemble with temperature 7 =
298.15 K and pressure P = 1 bar using the Nosé—Hoover
thermostat and Parrinello-Rahman barostat [30] with tem-
perature and pressure relaxation time constants of t7 = 2.5
ps and tp = 8.0 ps, respectively. Simulations were per-
formed with a time step of 10 fs and they were run for a total
time of 2 s, however, for some states, simulations were run
up to 4 us.

Results and discussion

In this section, the results for the structure and phase behav-
ior of the SDS/alcohol/water systems were analyzed. Sim-
ulations were conducted at constant number of surfactant
and water molecules whereas the number of alcohols were
changing. Therefore, the relative composition of each com-
ponent in the systems is different with the amount of alco-
hol. For instance, for simulations of the SDS/decanol/water
systems, the compositions (in weight percent) were; 5.4—
6.4% for SDS, 0.82—16.2% for decanol and 78.5-92.8% for
water. In the literature, an experimental phase diagram of
the same mixture was found [18], however, those data are
given for a different region of compositions. Nevertheless,
using that phase diagram and with the calculated composi-
tions, the mixtures seemed to be in the micellar (L) phase.
It is worthy to mention that even though the relative compo-
sition of water was changing, by the addition of the alcohol,
the mixtures seem to remain in the same micellar phase.

In the literature, experiments of a SDS/hexanol/brine sys-
tem (for small SDS and hexanol compositions,[11, 12])
were also found, which can be used to compare with the
present results with hexanol. However, the experimental and
the simulated composition regions do not exactly coincide
each other. For these simulations, all compositions were
very similar to those obtained with decanol (~ 5.4-6.4 %).
In any case, the mixtures seem to be placed again in the
micellar region (L) [11, 12].

Structure

As stated above, a spherical micelle of SDS molecules was
formed at zero alcohol/SDS mass ratio and once alcohol

@ Springer



33 Page4of9

J Mol Model (2016) 22: 33

molecules were added, the shape of the micelle changed.
For instance, the hexanol/SDS mixture formed a cylindri-
cal shape at low alcohol/SDS mass ratios (see Fig. 1a) and
a bilayer structure at higher mass ratios (see Fig. 1b). The
cylinder shape was formed along the Y direction and we
observed the cylinder diameter in the X-Z plane. It is wor-
thy to mention that to the best of our knowledge, there are
no reports of cylindrical micelle formation for these sys-
tems. From experiments of SDS/alcohol/water mixtures, a
micellar phase (L) has been reported at low SDS and alco-
hol compositions, however, the structure of those micelles
at very low compositions are not specified (spherical or
cylindrical) [12, 18]. Therefore, it is not possible to affirm
that the observed cylinders are actual structures or they
could be unreal states due to the simulations, nevertheless
those structures remained up to 4 us run. In fact, simula-
tions with larger box dimensions were conducted and the
cylinders were still observed. A possible justification for
these structures can be given in terms of the experimental
SDS phase diagram where cylindrical and planar micelles as
function of the surfactant concentration have been observed
[31]. Therefore, it could be that few alcohol molecules
worked as co-surfactants by increasing the composition
in the mixture and they help the formation of cylindrical
geometries.

As a general feature, it was noted that the hexanol
head groups were located next to the SDS head groups.

Fig.1 Hexanol/SDS snapshots at alcohol/SDS mass ratios of a 0.250,
b 1.000, and ¢ 2.000. Yellow balls represent the SDS headgroups, pink
balls the SDS tails, green balls the hexanol heads, and red balls the
hexanol tails. Only SDS molecules are shown in the right of ¢. Water
molecules are not shown for clarity of the figures

@ Springer

(a) (b)

Fig. 2 Hexadecanol/SDS snapshots at alcohol/SDS mass ratios of a
0.375, b 1.000, and ¢ 2.875. Notation is the same as in Fig. 1

Once the bilayer structure was formed, it remained until it
was possible to distinguish a double bilayer structure (see
Fig. 1c). The same structures were identified at different
alcohol/SDS mass ratios when different alcohol molecules
were used. In Fig. 2, snapshots of the hexadecanol/SDS
mixture are shown for comparison with the hexanol/SDS
mixture where it was possible to observe similar structures.

Density profiles

The structure of the surfactant/alcohol mixtures were ana-
lyzed in terms of density profiles along the z-direction, i.e.,
perpendicular to the interface. Typical plots are shown in
Fig. 3 for the hexanol/SDS mixture. In that system, the for-
mation of a bilayer structure from alcohol/SDS mass ratios
0.625 to 1.5 was observed, indicated by the location of the
peaks in the density profiles. Figure 3 depicts two SDS
headgroup peaks located at the water interface with the SDS
tails inside the bilayer (Fig. 3a). The hexanol headgroups
were also located at the interface next to the SDS head-
groups. At higher alcohol/SDS mass ratios, not only two
SDS headgroup peaks were depicted but also another small
peak in the middle of the micelle. At the same time, two
tail peaks were also formed (Fig. 3b at alcohol/SDS mass
ratio of 2.0). Those results indicated the formation of a dou-
ble bilayer, as is also indicated by the snapshots of Fig. 1c).
The hexanol molecules present similar features, three head-
group peaks, and two tail group profiles. Since at those
alcohol/SDS mass ratios there were more hexanol molecules
than SDS molecules, the density profiles were higher for
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Fig. 3 Hexanol/SDS density profiles at alcohol/SDS mass ratios of a
0.875 and b 2.000. The blue solid line is for water, and the black solid
lines and dashed lines are for the SDS heads and tails, respectively.
The red solid lines and dashed lines are for the hexanol heads and tails,
respectively

the alcohol than for the SDS. Moreover, the high alcohol
headgroup peak in the middle suggested high composition
of hexanol molecules inside the double bilayer.

Some experiments of a SDS/hexanol/brine system have
suggested that alcohol molecules penetrate the surfactant
membrane and its hexanol/SDS mass ratio determines the
phase structure (lamellar or sponge) [13]. In fact, in the
present simulation, alcohol molecules were observed to
move inside the bilayer as the alcohol/SDS mass ratio
increased and a double bilayer was formed. Then, the
results are in agreement with the experimental observation,
i.e., a change in the structure was depicted when alcohol
molecules moved into the bilayer.

A similar behavior was observed for mixtures of SDS
with long alcohols (Fig. 4). For instance, for the hex-
adecanol/SDS system, at a mass ratio of 0.750, a bilayer
structure was formed with the SDS and hexadecanol head-
groups located at the water interface and the tails inside
the bilayer (Fig. 4a). At higher hexadecanol/SDS mass ratio
(Fig. 4b), a double bilayer was formed, suggested by the
three peaks of the SDS and hexadecanol headgroups. In
this case, it was observed that the middle hexadecanol peak
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Fig. 4 Hexadecanol/SDS density profiles at alcohol/SDS mass ratios
of a 0.750 and ¢ 2.875. Notation is the same as in Fig. 3

was higher than that of the SDS. In fact, the hexadecanol
tails profiles were also much higher than those of the SDS.
Therefore, as for the hexanol, the results indicated that the
double bilayer was mainly formed by the alcohol molecules.

Phase transitions

The structure changes of the alcohol/SDS aggregates were
also analyzed by the size of the micelles. In fact, the size
was used as a parameter to determine a transition in the
system. In Fig. 5, the thickness, AZ, of the different struc-
tures were calculated as a function of the alcohol/SDS mass
ratio. In the case of the cylinder structures, the size was
measured as the diameter of the micelle whereas for the
bilayer and the double bilayer the thickness was measured
as the distance from the SDS headgroup peaks in contact
with the water interface (defined in the density profiles).
In Fig. 5a, the hexanol/SDS micelle size is shown. It was
observed that at low alcohol/SDS mass ratios, from 0.125
to 0.5 (where the cylinder-like shape was obtained), there
were no significant changes in the size of the micelles. As
the alcohol/SDS mass ratio increased, the bilayer structure
was formed (above alcohol/SDS mass ratio of 0.5) indicated
by a small jump in the size parameter. The bilayer remained

@ Springer
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Fig. 5 Size of the micelles as a function of the alcohol/SDS mass
ratio. Circles are for cylinders (diameter), squares are for bilay-
ers thickness, and triangles are for double bilayers thickness. a
hexanol/SDS (black symbols) and octanol/SDS (red symbols). b
decanol/SDS (black symbols) and dodecanol/SDS(red symbols). ¢
tetradecanol/SDS (black symbols) and hexadecanol/SDS (red sym-
bols). The lines are the best fitting to the data and they are just given
to guide the eye

up to alcohol/SDS mass ratio of 1.5 with thickness between
1.94 and 2.76 nm. The values were in agreement with those
reported in real experiments of the same hexanol/SDS sys-
tem where they found a bilayer thickness of 2.0 nm [13].
At an alcohol/SDS mass ratio of 1.625, the double bilayer
structure was formed indicated by another jump in the size
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of the micelle. In this case, the double bilayer thickness
changed from 2.67 to 5.00 nm. It is worthy to note that the
double bilayer thickness was not twice the size of the single
bilayer thickness. Additional time, up to 4 us, was run for
alcohol/SDS mass ratios close to the transitions and data did
not change significantly.

In the same figure, the octanol/SDS mixture was also
plotted (red symbols in Fig. 5a). Since octanol and hex-
anol had the same number of CG sites (with different
masses) similar features were observed, however, the transi-
tions (jumps in the size parameter) were located at different
alcohol/SDS mass ratios. In this case, the transition from
cylinder to bilayer was found around an alcohol/SDS mass
ratio of 0.625 and the transition from bilayer to double
bilayer around an alcohol/SDS mass ratio of 2.0. The bilayer
thickness changed from 1.93 nm to 2.37 nm, in agreement
with the experimental value of 2.2 nm [32]. The double
bilayer thicknesses were around 4-5 nm.

In Fig. 5b, the decanol/SDS and dodecanol/SDS systems
are shown. In these cases, similar features were observed,
however, the bilayers were slightly thicker than those
obtained for the hexanol/SDS and octanol/SDS mixtures.
Moreover, the transition from bilayer to double bilayer
were shifted to higher alcohol/SDS mass ratios, i.e., it was
observed alcohol/SDS mass ratios around 2.0 and 2.25 for
the decanol/SDS and dodecanol/SDS mixtures, respectively.
The mixtures with the longest alcohols, tetradecanol and
hexadecanol, are plotted in Fig. 5c. For those systems,
the bilayers were even thicker than those with short alco-
hol chains. There, the transitions occurred at higher alco-
hol/SDS mass ratios, 0.75 and 2.125-2.5 for the cylinder to
bilayer and bilayer to double bilayer structures, respectively.

For high alcohol compositions above 8 %, a lamellar
phase is observed in the experimental phase diagram of
the SDS/alcohol/water system [18]. In our simulations for
higher alcohol compositions (above 9 %), where the double
bilayer appeared, it could be an indication that the mixture
might be in a lamellar phase (or very close to that). How-
ever, to say that the formation of a single double bilayer
is a lamellar phase is not straightforward. Therefore, we
can only affirm that the presence of a double bilayer is
associated with a structural transition.

Order of the molecules
The structure of the molecules in the micelles was also ana-

lyzed by the order of the SDS and alcohol tails with the
parameter,

1
S, = §<3cos29 -1) (1)

where 6 is the angle between the vector normal to the inter-
face and the vectors which join the nearest-neighbor atoms
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along the chain. For S,; = - 0.5 the molecules present a com-
plete order parallel to the interface and for S;; = 1.0 the
order is normal to the interface.

In Fig. 6, the order parameter (|S;;|) averaged over all tail
atoms in the SDS and alcohol molecules are shown. More-
over, the (|S;;|) was calculated for each alcohol/SDS mass
ratio above the cylindrical structure, i.e., for the bilayer and
double bilayer micelles. For the hexanol/SDS mixture, an
increment in the order parameter until it reached a maxi-
mum was observed (Fig. 6a). Then the order decreased to
nearly a constant value, suggesting that the tails did not
change their structure significantly. The above results indi-
cated that, at low alcohol/SDS mass ratios, the increment in
the micelle thickness was due to the increment in the SDS
tails order. However, at higher alcohol/SDS mass ratios,
the micelles became thicker due to the alcohol molecules
located the middle of the bilayer. In fact, those alcohol
molecules reduced the order of the SDS tails as seen in
Fig. 6a. It was also worthy to note that the SDS tails present
lower order at high alcohol/SDS mass ratios than that at low
ratios and this could be the reason why the double bilayer
was not twice the size of a single bilayer.
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Fig. 6 Tail SDS order parameter, {|S,.|), for the systems a hex-
anol/SDS (black dots) and octanol/SDS (red dots), b tetradecanol/SDS
(black dots), hexadecanol/SDS (red dots). The alcohol tail order
parameter is also shown for the last mixture in the inset of figure b

The bilayer thickness was in agreement with the density
profiles data, which indicated that hexanol molecules moved
inside the bilayer at alcohol/SDS mass ratios above 1.0. For
the octanol/SDS mixture, the same issues were observed,
however, the maximum in the order parameter was shifted
to a higher alcohol/SDS mass ratios (red data in Fig. 6a).
The results suggested that alcohol molecules moved to the
center of the micelle at high alcohol/SDS mass ratios.

In the case of the longest alcohols, tetradecanol and hex-
adecanol, we calculated the S, parameter for the SDS and
alcohol tails (Fig. 6b). For the SDS tails, similar features
than those for short alcohols were depicted, however, in this
case, two maximums were observed for the alcohol tails
(inset of Fig. 6b). The reduction of the order parameter after
the first maximum was produced for the first molecules
which moved inside the micelles. It was also noted that the
second maximum coincided with the development of the
middle alcohol peak in the double bilayer (see Fig. 4b).
Moreover, for long alcohols, their tails tried to extend and
to accommodate better in the micelle by producing slightly
thicker double bilayers (in agreement with data of Fig. 6).
Then, stretching of those alcohol molecules might produce
more chain order, which could explain the second peak in
the (]S;;|) order parameter.

It was not found any specific tendency in the micelle
structures with the alcohol chain lengths. However, it
was observed that the double bilayers’ thickness slightly
increased as the alcohol chains increased. Moreover, the
systems with long alcohol tails present a extended bilayer
region and the corresponding transitions were moved to
higher mass concentration values. It was also noted that the
order parameter maximum, (|S;;|), was shifted to higher
mass ratios and it became higher as the alcohol tails
increased.

Enthalpy

It is known that a phase transition, in systems at con-
stant pressure, can be shown by a discontinuous jump in
the enthalpy [33]. Therefore, calculations of the enthalpy
changes were carried out for the present systems, AH =
H — Hp where H is the enthalpy in each state. Since we
were interested to observe structural transitions, the refer-
ence enthalpy, Hy, was taken as the enthalpy of the last state
of the previous structure, i.e., for the bilayer micelles Hy
was taken as the enthalpy of the last state of the cylindrical
micelle and for the double bilayer structure Hy was taken as
the enthalpy of the last bilayer state.

The values for the hexanol/SDS and octanol/SDS are
plotted in Fig. 7a. Discontinuous jumps in the same posi-
tions where the micelles thickness (size parameter in Fig. 5)
changed were noted. It is observed that the enthalpy
difference of the cylinder-bilayer transition was smaller than
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the enthalpy difference of the bilayer-double bilayer tran-
sition. Moreover, the enthalpy difference in the transition
states became larger with the alcohol chain, i.e., long alco-
hol chains present larger discontinuities at the transition
points (Fig. 7b and c).
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Fig. 7 Enthalpy for the alcohol/SDS systems, a hexanol/SDS (black
data) and octanol/SDS (red data), b decanol/SDS (black data) and
dodecanol/SDS (red data). ¢ tetradecanol/SDS (black data) and hex-
adecanol/SDS (red data). The lines are the best fitting to the data and
they are just given to guide the eye
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Conclusions

Coarse-grained computer simulations were used to study the
structural transition of several alcohol/SDS mixtures. The
current results present relevant information about the phase
behavior of these systems by showing the mechanism of
how alcohol molecules are deposited in surfactant micelles
to modify their structures.

As the composition of alcohol molecules increased in
a SDS micelle, different structures were obtained. At low
alcohol/SDS mass ratios, cylindrical micelles were formed,
at intermediate alcohol/SDS mass ratios, the structures
changed to bilayer micelles, and at high alcohol/SDS mass
ratios, double bilayer structures were obtained. In fact, the
structure sequence can be pictured as follows; the struc-
ture transition started from a SDS spherical micelle with
alcohol molecules next to the micelle surface. Then, the
alcohol-surfactant interactions formed a cylindrical shape.
It is important to mention that more investigations should
be conducted to determine if the cylindrical micelles are
real structures in these ternary mixtures since they have not
been explicitly reported in the experiments. As the number
of alcohols increased the cylindrical structure broke to build
a bilayer micelle with the alcohol molecules located at the
water interface next to the SDS molecules. In those config-
urations, the SDS tails present large order suggesting more
trans conformation of the chains. As the alcohol composi-
tion increased, the alcohol molecules moved to the middle
of the micelle by reducing the SDS tails order and increasing
the size of the micelle. Then, a double bilayer was formed.
It was noted that the micelle changes were related to the
insertion of alcohol molecules in the SDS structures, as
suggested in the experiments of a SDS/hexanol/brine mix-
ture [13]. Penetration of hydrophobic chains into micelle
structures has also been observed in lipid droplets sim-
ulations with cholesterol and triolein molecules [9, 10].
Therefore, those results, and the ones of the present sim-
ulations, could suggest that molecules with hydrophobic
tails might present similar behavior when they interact with
micelles.

Finally, it is known that coarse-grained models lack
microscopic details, however, they give reasonable good
structural behavior to gather information on the phase
behavior of complex systems. They also have the incon-
venience of how to handle the electrostatic interactions
(even when some corrections have done). Nevertheless,
despite these limitations, the present results give us more
insights into how the presence of alcohol molecules modi-
fies SDS micelles to form different structures and how those
molecules are located in the mixture.
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