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Abstract

Micellization of the ionic surfactant sodium hexyl sulfate has been studied us-

ing atomistic explicit-solvent molecular dynamics simulations with and without

excess NaCl or CaCl2. Simulations were performed at surfactant loadings near

the critical micellization concentration. Equilibrium micelle size distributions and

estimates of the critical micellization concentration obtained from the simulations

are in agreement with experimental data. In comparison to the sodium dodecyl sul-

fate surfactant, the shorter alkyl chain of sodium hexyl sulfate results in increased

disorder of the micellar core and water exposure of the hydrocarbon tail groups.
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However, water and ions do not penetrate into the micellar core even for these

weakly micellizing surfactants. Excess NaCl is observed to have a minor influ-

ence on the micelle structure but excess CaCl2 induces drastic changes both in the

structure and the dynamics of the micellar system. Furthermore, in the absence

of excess salt, sodium hexyl sulfate forms predominantly spherical, disorganized

aggregates but an increase in ionic strength drives an increase in aggregate size and

leads to prolate aggregates.

1 Introduction

Micellization is a self-assembly phenomenon that is common to solutions of amphiphilic

molecules (surfactants), proteins, peptides, and block copolymers above a certain con-

centration1. Depending on temperature, surfactants form insoluble crystals or mi-

celles2,3 and may also aggregate to more complex phases, such as cubic or lamel-

lar1,3–7. Surfactants are used in detergency, oil purification processes, nanotechnology

applications such as nanocarriers in drug-delivery8,9, emulsions and foams10, and even

in nanolithography1.

The general mechanism of micelle formation as an interplay between solvophobic

and solvophilic interactions is well understood. However, control and manipulation

of the microscopic details of micelle structure in solution and the micellization process

are still of interest for applications. Simulations provide an accessible means of obtain-

ing such information. Micellization has been studied mostly by lattice and off-lattice

coarse-grained models11–22. More recently, atomistic studies with and without solvent

have emerged23–34.

Two significant issues are encountered in simulations of micellization. For most

common surfactants, micelle formation timescales are microseconds or longer and crit-

ical micellization concentrations are of the order 1−100 mMol. Consequently, coarse-

grained models (typically in implicit solvent) are often employed in order to achieve

equilibration at concentrations close to the critical micellization concentration (CMC).

For example, Lazaridis et al. have studied DPC micelle formation34 and Jusufi et al.

sodium alkyl sulfate micellization20,21 in an implicit solvent environment. For molecu-

lar level coarse-grained and atomistic systems with explicit solvent, our previous work

of Ref.22 has yielded micellization results on microsecond time scale on multimicellar
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coarse grained systems, and most related to this work, Refs.31,33 on atomistic multim-

icellar systems. Micelles in the latter simulations emerged from a random initial posi-

tioning of sodium dodecyl sulfate (SDS) molecules in aqueous solution at 200 mMol,

700 mMol, and 1 Mol concentrations with varying salt concentrations. However, the

experimental CMC for SDS is much smaller, 8 mMol±1.4 mMol, depending on mea-

surement35–40, and the 200 ns duration of the simulations of Refs.31,33 is insufficient to

fully equilibrate the SDS system.

In the present study, we overcome time scale and concentration issues by choosing

a surfactant, sodium hexyl sulfate (SHS), for which the CMC at 25 degrees Celsius

has been reported as 420 mMol41 or 517 mMol42 and the rate constants describing

micellar reorganization dynamics are of the order 109s−1 3. These values are such

that although they are challenging for current atomistic molecular dynamics simula-

tions, they can be achieved with some effort, as will be demonstrated below. More

specifically, we study SHS micellization and micelle structure at conditions close to

the critical micellization concentration with simulation durations sufficient to equili-

brate the distribution. In the case of ionic surfactants, the concentration and type of

excess salt provides another means to control the aggregate structure and properties.

Here, we probe the effects of NaCl and CaCl2 on micellar structure, size distribution,

and equilibration processes. We also compare the results with those for longer chain

sodium alkyl sulfates, even though the longer surfactant simulations are well above

their corresponding CMCs and have not reached equilibrium. To our knowledge, these

are the first atomistic simulations of surfactant systems with explicit solvent and ions

that achieve timescales required for system equilibration at concentrations comparable

to experimentally reported CMCs.

1.1 Computational Model

The Gromacs 3.3 simulation package43–45 with the united atom parametrization was

employed for the atomistic molecular dynamics (MD) simulations. The energies of

the initial configurations were minimized with the steepest descent method. After the

initialization, all simulations were performed in the NpT ensemble at p = 1 bar using

the weak coupling method for pressure and temperature control46. The coupling times

were set to 1.0 ps for pressure and 0.1 ps for temperature, and the temperatures of
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the solute, counterions, and solvent were controlled independently. The bond lengths

of the surfactant molecules were constrained by the LINCS algorithm47 and those of

the water molecules by SETTLE48. A time step of 2 fs was used in all simulations

reported here. The Lennard-Jones interactions were cut off at 1 nm with no extended

long-range modifications and the full particle-mesh Ewald method49 was employed for

the long-ranged electrostatic interactions; not fully accounting for these long-ranged

electrostatic interactions has been shown to lead to serious artifacts in the simulations of

amphiphilic molecules50,51 and contrary to the rather common misconception, proper

treatment of electrostatics is also computationally efficient52.

The SHS parametrization is not part of the standard Gromacs force-field. Since

SHS and SDS differ only by number of methyl groups in the hydrocarbon tail (6 vs. 12),

we adopt the SDS parametrization discussed and validated in detail in Ref.31 for SDS

with the only difference here being the shorter hydrocarbon tail length. The sodium,

calcium, and chloride ions were described by the Gromacs parameters; for a detailed

discussion of ionic parameters, please see Refs.53,54. The Simple Point Charge (SPC)

water model55, which is consistent with the chosen force field, was adopted for the

water molecules. Visualizations of all molecular configurations were generated with

VMD (Visual Molecular Dynamics)56.

Since the micelle-forming systems studied here typically have multiple micelles,

and micelle properties are computed for a given micelle, the data analysis relies on

identifying to which micelle each SHS molecule belongs. The micelle classification

scheme is based on a geometrical distance criterion: any two surfactants with methyl

groups closer than Rcut = 0.4 nm are classified as belonging to the same micelle. The

weakly micellizing SHS is sensitive to the choice of this cut-off distance. This geo-

metric criterion is different from that used in our prior SDS micellization studies31–33

because it provided better agreement with visual observations and consistent estimates

of the critical micellization concentration, see Section 2. The statistical uncertainties

of the critical micellization concentration are derived from the standard deviation of

the block averages where the data sample was divided into 5 blocks. The statistical

uncertainties of the radii of gyration and the moments of gyration have been estimated

from the standard deviation of the data sample.
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1.2 Simulated system

We have studied systems containing 200 SHS molecules at a random initial config-

uration solvated to 700 mMol concentration or 1 Mol concentration in the presence

of two different levels of excess salt (NaCl and CaCl2). SHS consists of an Na+ ion

released in aqueous solution and the anionic hexylsulfate molecule, see Fig. 1. Thus,

even in the absence of excess salt, a solution of SHS contains free Na+ counterions.

The systems studied contained either no excess salt (i.e., only Na+ ions were present

to neutralise the sulfate head groups), 50 excess NaCl or CaCl2 molecules, or 200

excess NaCl or CaCl2 molecules. In terms of ionic concentrations, these systems cor-

respond to 175/700 mMol (for the 700 mMol SHS systems) or 250 mMol/1 Mol (for

the 1 Mol SHS systems). To evaluate the effects of the system size, simulations of 400

SHS molecules at 700 mMol and 1 Mol concentrations with no excess salt were also

performed. The number of water molecules ranged between 8170 and 14448.

Figure 1: Left: The hexylsulfate molecule. Right: An example of the random initial

configuration, a 700 mMol 200 SHS system without excess salt. The 14448 water

molecules have been omitted in the visualization.

Initially, the SHS molecules are placed randomly in the simulation box with the

sodium counterions close to the SHS head groups, see Fig. 1. Next, the simulation box

was filled with water. In the simulations with excess salt, the ions were introduced by

replacing randomly chosen water molecules. Subsequently, the total energy was mini-
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mized using the steepest descent algorithm. Temperature was maintained at 323 K. To

evaluate the potential influence of the initial configuration on the resulting micelle dis-

tribution, comparison simulations at 700 mMol and 1 Mol SHS concentrations starting

from a micellized initial configuration were also studied. The initial configurations of

micelles were obtained from the final configurations of the simulation of the initially

random 200 SHS systems with 200 CaCl2 molecules. The excess CaCl2 was removed

from these configurations and the holes were filled with water. These initially larger

micelles were left to evolve an additional 200 ns, after which the resulting distribution

was compared with the corresponding 700 mMol and 1 Mol systems with 400 and 200

SHS molecules in which the simulation run had been started from an initially random

configuration.

We also compared the SHS results with the micellization behavior of the longer

chain sodium dodecyl sulfate (SDS). The SDS simulations used as comparison data

contain 400 SDS molecules in 700 mMol solution with either no excess salt or excess

700 Mol NaCl or CaCl2 simulated for 200 ns. The details of the SDS simulations are

discussed in Ref.33.

2 Results

2.1 SHS micellization and micelle size distribution

The left panel of Figure 2 shows the configuration of the micellized 200 SHS system at

1 Mol concentration after 200 ns of simulation. The right panel shows the micelle size

distribution obtained as time average over the period from 40 ns to 200 ns of simulation

time. System sizes of 200 and 400 SHS molecules at approximately 1 Mol concentra-

tion starting either from a random initial configuration or an initial configuration in

which the SHS are already aggregated to micelles are shown. The distributions with

different systems sizes and initial configurations at 700 mMol SHS concentration are

practically superimposed with the peak shifted toward smaller aggregates. This forms

an extension to the oligomer peak. The figure shows that micellization takes place

resulting in an aggregate distribution in which a significant portion of the molecules

are present as oligomers. As the aggregate size increases there is a local minimum

in the distribution followed by another peak, which corresponds to the micellization
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Figure 2: The left panel shows the configuration of the micellized 200 SHS system at

1 Mol concentration after 200 ns of simulation. The different colors indicate micelle

classification, i.e., SHS molecules are colored according to the micelle they are in. The

right panel shows the micelle size distribution obtained as time average over the period

from 40 ns to 200 ns of simulation time in systems of 200 and 400 SHS molecules at

approximately 1 Mol concentration starting either from a random initial configuration

or an initial configuration in which the SHS are already aggregated to micelles. The

Gamma distribution shown is used to approximate the number of nonaggregated sur-

factants in the system. The distribution presented here is fitted to the data set of 200

initially randomly distributed SHS molecules.
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peak. The distribution graphs show that the resulting distributions are independent of

the initial starting configuration (random vs. initially micellized). The variation in the

curve peak position actually originates from a difference in concentration, i.e., due to

technical limitations in setting up the simulations at exactly 1 Mol concentration. The

concentrations calculated at 200 ns in the three simulations are 0.96 Mol, 0.97 Mol,

and 1.03 Mol with the nearly superimposed curves corresponding to the two smaller

concentrations and 400 SHS and initially micellized 200 SHS molecules. The systems

of different size and different initial configuration provide nearly superimposed distri-

butions following the concentration. Thus we conclude that using the smaller system

containing 200 SHS molecules for the simulations is sufficient to probe the equilibrium

micelle distribution. We choose to use the random initial configuration even though the

comparison shows that the simulation duration is sufficient to produce a micelle size

distribution that is independent of the initial configuration (random vs. micellized).

In earlier work31, we have validated the simulation model for SDS, which differs

from SHS only in hydrocarbon chain length. Due to time scale limitations with respect

to SDS relaxation, we were not able to obtain the critical micellization concentration

(CMC) for SDS. The CMC is highly sensitive to chain length. For SHS, which has

faster timescales in its dynamics, we are able to obtain the CMC; results are presented

in Table 1. Calculated CMC values for the systems without excess salt are close to

the experimentally measured CMC values of 420 mMol41 and 517 mMol42. However,

there is a decrease in the CMC from 360 ± 30 mMol to 300 ± 10 mMol when going

up in overall SHS concentration from 700 mMol to 1 Mol. Notably, CMC depends on

how one measures it; this is seen both in experiments and simulations. In our case, we

define the CMC from the total concentration of oligomers present at equilibrium with

the aggregates62. In Ref.62, it has been shown using simulations that the concentrations

of oligomers correspond closely to the CMC values obtained from the osmotic pres-

sure curve. The underlying implication is that the volume fraction of free surfactant

is constant or increases slightly with concentrations at or above CMC. The oligomer

concentration can change when the overall concentration of surfactant changes. The

observed decrease is partly due to there being less “free volume” for monomers and

oligomers at higher concentrations and partly to solution nonidealities. The CMC de-

creases with increased ionic strength. This is a characteristic of ionic surfactants, see

for example Refs.57–61. Although the 700 mMol and 1 Mol SHS systems with excess
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salt are not at the same ionic strength, and thus the values cannot be compared directly,

the decreasing trend in the CMC with increasing ionic strength is evident.

The CMC estimates presented here have been calculated using the idea that the

concentration of nonaggregated surfactants, predominantly monomers and dimers, can

be used as an approximation of the CMC62. We obtained the oligomer concentra-

tions from the aggregate size distribution data presented for 1 Mol systems in Fig. 3.

The curves are normalized so that the distribution value multiplied by the aggregation

number over the entire curve is equal to 1. The 700 mMol systems are analogous, al-

though in low ionic strength, the distribution curves do not have a distinct aggregation

peak. We can still observe that an aggregation peak exists indicating micellization does

occur at this concentration, but it is significantly overlapping with the nonaggregated

peak and therefore we can not simply choose a cutoff aggregation value for determining

which oligomers are considered aggregated and which are considered nonaggregated.

Due to this fact, we chose to approximate the nonaggregated part of the curve by a

distribution. The Gamma distribution (CΓ
1

βαΓ(α)x
α−1e(−x/β)) was chosen as the best

fit in comparison to a Poisson distribution (CP λxe−λ/x!) or exponential distribution

(CEλe−λx) by using the squared difference between the calculated distribution values

and the actual aggregate size distribution values from the simulation as the measure

of the goodness of fit. In all distribution equations above, C is a constant to scale the

probability distribution, x is the distribution variable, and α, β, and λ are parameters to

be fitted. The parameters for the distributions were determined by matching the values

of the distributions to the first two points of the aggregate size distribution, which due

to grouping, represented all aggregates of six surfactants or less. Although, in many

cases, the Gamma distribution was negligibly different from the exponential distribu-

tion, the Gamma distribution has one more parameter than the exponential distribution.

This can, at times, help achieve a better fit and may even be useful for matching more

than two points.

After the parameters were determined, the entire Gamma distribution was used to

determine the number of surfactants considered to be nonaggregated by taking each

value of the distribution and multiplying it by both the corresponding aggregate size

and the total number of surfactants. The number of nonaggregated surfactants was di-

vided by the volume of the system to determine the concentration. The concentration of

the nonaggregated surfactants is the approximation of the CMC. For the CMC estima-
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tion, we analyzed simulation trajectories using different micelle classification cut-off

values Rcut and concluded that the estimates are sensitive to the choice of Rcut in this

weakly micellizing system. Consistent estimates of critical micellization concentration

values were obtained by using a cut-off value of Rcut = 0.4 nm, where a larger Rcut

value of 0.45 nm produces large apparent variations in the CMC between different

simulated systems. Smaller Rcut values (e.g. 0.35 nm) were also tried, but resulted

in classification which no longer agreed with visual analysis. This cut-off sensitivity

appears because the CMC is calculated from the monomer and oligomer concentra-

tions which are sensitive to the classification cut-off because the aggregates micellize

weakly; SHS molecules are loosely bound to micelles. There is much less sensitiv-

ity for the larger aggregate sizes, the micellization peak position, and correspondingly,

micelle structural properties calculated from the larger aggregates. The more strongly

micellizing SDS, which has significantly fewer monomers and oligomers in a micel-

lized solution, see for example31,33, does not exhibit such sensitivity. Although we

choose to use Rcut = 0.4 nm in the classification, as it causes less discrepancy be-

tween the CMC values of the 700 mMol and 1 Mol systems, we note that the choice

is somewhat arbitrary and the micellization distribution is sensitive to the choice. Ex-

perimental measurements in such a weakly micellizing system could also suffer from

similar sensitivity, for example, to small changes in solution conditions such as impu-

rities in experimental measurements.

Table 1: Critical micellization concentrations (CMC) using Rcut = 0.4 nm.

System 700 mMol SHS 1 Mol SHS

CMC in Mol CMC in Mol

no excess salt 0.36 ± 0.03 0.30 ± 0.01

50 NaCl (175/250 mMol) 0.32 ± 0.01 0.26 ± 0.01

200 NaCl (700 mMol /1 Mol) 0.24 ± 0.01 0.18 ± 0.01

50 CaCl2 (175/250 mMol) 0.22 ± 0.01 0.21 ± 0.02

200 CaCl2 (700 mMol /1 Mol) 0.10 ± 0.01 0.09 ± 0.01

The ionic strength of the solution has a large influence on the micellization and mi-

celle size distribution formed in the simulation. A visual analysis of the final (200 ns)

simulations configurations shows that the micelles formed in the presence of CaCl2 are
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Figure 3: SHS micelle size distribution. The distribution is plotted as the average

over 40 − 200 ns except for the systems containing CaCl2 for which the time frame is

100 − 200 ns. The graphs correspond to bin size 3 and Rcut = 0.4 nm.

much larger and appear to have a more organized structure than the micelles formed

either in the absence of excess salt or in the presence of monovalent NaCl. The cor-

responding time-averaged micelle size distributions for the 1 Mol SHS systems are

presented in Fig. 3. The time averaging is performed over the part of the simulation

trajectory in which a stable distribution of micelles and oligomers has formed from the

random initial configuration and the distribution is no longer evolving. For systems

with no excess salt, or excess monovalent NaCl, this time period is 40−200 ns, and for

the CaCl2 containing systems 100 − 200 ns. In line with the observations of SDS mi-

cellization in the presence of monovalent and divalent ions33, the systems with CaCl2

have slower dynamics and therefore 100 ns is considered as the initial micellization

and equilibration period. Besides added salt, the micelle size distribution is sensitive

to overall surfactant concentration. Micelle size distributions at 700 mMol SHS follow

the 1 Mol systems but with peaks shifted toward smaller aggregates. For 700 mMol

SHS systems at low ionic strength, specifically the salt-free 700 mMol SHS system,

there is no separate micellization peak, although a significant number of larger aggre-

gates are present, that is, the distribution has a tail in the aggregate sizes above 20. Both
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at 1 Mol concentration and at 700 mMol SHS concentration, a small number of Ca2+

ions in the system shifts the micellization peak considerably toward larger aggregates.

A significant fraction of surfactants in our systems exist as monomers and oligomers.

In the 700 mMol SHS system, approximately 55 % of the SHS molecules are monomers

or oligomers of size 10 or smaller and the system micellizes only weakly. When NaCl

is introduced at 700 mMol SHS, the number of oligomers is reduced but a clear mi-

cellization peak appears only at higher ionic strengths for 700 mMol SHS. The 1 Mol

SHS system micellizes more clearly, with a much smaller number of SHS molecules as

aggregates of size 10 or smaller (5% − 30% of SHS molecules depending on the ionic

strength). For the purpose of later analysis, we note that for all the systems the vast ma-

jority of non-oligomeric aggregates falls between aggregate size region N = [10, 45],

see Fig. 3. This size interval is used for the structural properties analysis. Thus, we cut

out the oligomers and any large deformed wormlike micelles from our analysis. No-

tably, a small number of large aggregates in the CaCl2 containing systems fall outside

this region, but these correspond to deformed lumps or wormlike aggregates. Includ-

ing them in the analysis would reduce the data comparability between excess sodium

containing systems and calcium containing systems.

2.2 SHS micelle structure

Next, we look at SHS micelle structure. Figure 4 presents the head group and methyl

group distributions in SHS micelles of sizes between N = [10, 45] at 1 Mol overall

concentration. We present just the data for the 1 Mol systems because the 700 mMol

SHS systems are similar to the 1 Mol systems with only slight shifts towards smaller

micelle radii, as the the overall micelle size distribution shifts towards smaller aggre-

gates at lower ionic strengths. The growth in micelle size with increasing ionic strength

is clearly visible in the head group distributions. However, adding NaCl has only a mi-

nor effect and the significant shift comes with the introduction of CaCl2. Interestingly,

the increase of micelle size upon CaCl2 induces a decrease in methyl group density

near the micelle center. This is due to the short chain length of the SHS molecule. For

SDS this is not observed, see Refs.31,33. However, water and ions are still dominantly

excluded from the micelle center.

Figure 5 shows the cation distribution around the SHS micelles, again for micelles
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Figure 4: Head group (S) and methyl group (C) distribution in micelles of size

10 ≤ N ≤ 45. The systems corresponding to the smaller concentrations of excess

salt produce analogous data.
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in size interval N = [10, 45] at 1 Mol SHS concentration. In systems in which sodium

is the only cation, i.e., systems without excess salt or systems with excess NaCl, the

difference in the distributions is purely due to the number of ions in the system. How-

ever, when Ca2+ is present, the distributions are qualitatively different. A shift towards

larger distances from the micelle center is observed due to an increase in micelle size.

In addition, the Ca2+ effectively replaces the sodium as the counterion, that is, the

monovalent sodium ions are further from the micelle center.
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Figure 5: Cation density around micelles of size 10 ≤ N ≤ 45. The introduction

of CaCl2 is seen as an increase in micelle size and push-out of the Na+ ions as the

counterions. The smaller concentrations of excess salt produce analogous data.

Figure 6 shows the charge distribution in and around the micelles. The head group

charge shows as a dip to negative charging between 1 nm and 1.5 nm which is then

countered by the cations at larger distances from the micelle center. The neutralization

occurs more effectively and at a shorter distance in the presence of Ca2+ ions due to

the shorter screening length at high ionic strength. Again, excess NaCl has very little

effect in comparison to systems without excess salt. At large distances from the micelle

center, the charge cumulation takes into account also the other micelles, in other words,

the neighboring micelle ion coronas and headgroups.

The shift towards larger aggregates in the size distributions in Fig. 3 with an in-
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Figure 6: Cumulative charge as a function of distance from micelle center for micelles

of size 10 ≤ N ≤ 45. The charge is normalized by the number of SHS molecules in

the micelles of size interval [10, 45].

crease in ionic strength indicates an increase in micelle diameter indirectly. Addition-

ally, the shift in head group position and methyl group distribution curves in Fig. 4,

again with an increase in ionic strength, directly indicates the diameter increase. How-

ever, the question remains as to whether the aggregates are spherical, oblate, or prolate.

To characterize the micelle shape, we calculated an approximation of the average ra-

dius of gyration and its principal moments for each aggregate size. The average radius

of gyration is given by

< Rg >x=
1
nx

nx∑
i=1

(
λ2

i,1 + λ2
i,2 + λ2

i,3

)1/2
, (1)

where λi,1, λi,2, and λi,3 are the principle moments of gyration for an aggregate of

size x and nx are the number of aggregates of size x counted during the production

phase of the simulation. The principle moments of gyration are the eigenvalues of the

gyration tensor, S, which is defined by

Su,v =
1
N

N∑
i=1

(ru
i − Ru) (rv

i − Rv) (2)
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where ru
i and Ru are the coordinates of particle i and the center of mass of the mi-

celle in the u direction and N is the total number of groups in the micelle63–65. We

found that using the actual mass of each group had a negligible effect on the radii of

gyration and therefore approximated that each group had an equal mass for simplifica-

tion purposes. This results in the values reported being approximations. The average

radius of gyration for micelles formed in the absence of excess salt, in the presence

of excess monovalent salt (NaCl), and excess divalent salt (CaCl2) are presented in

Fig. 7. Figure 7 shows that small aggregates have the same form regardless of the ionic

strength of the solution, or the excess ion valency. However, for each ionic strength,

there is a critical aggregation number at which the aggregates deviate from an approx-

imately spherical form. This transition is relatively sharp and the point of transition

shifts toward larger aggregates with increasing ionic strength. This is to be expected as

the Coulombic screening length is shorter in the systems of higher ionic strength. To

assess the aggregate shape further, we plotted the three main axial components of the

radius of gyration in Fig. 8 for the system at highest ionic strength (1 Mol SHS with

1 Mol excess CaCl2). This system was chosen as it has the widest spread of aggregate

sizes and thus presents the most representative set of component spread; The systems

at weaker ionic strength have an analogous behavior but with the form transition at

smaller aggregate size, as seen from Fig. 7. From the component plot, we see that the

aggregates formed are always slightly prolate ellipsoids. For this system at N = 55

SHS, the form transition seen in Fig. 7 corresponds to abrupt elongation in one axial

direction, i.e., elongated spheroid form.

The lack of water penetration into the micelle center raises the question: To what

degree are hydrocarbon tails exposed to water? To measure this, we evaluated the sol-

vent accessible surface area in SDS and SHS micelles using the g_sas program66 with

solvent probe size 0.14 nm, representing a water molecule. Since SHS is weakly micel-

lizing, there are larger numbers of monomers and oligomers present in the systems than

those with more strongly micellizing surfactants. These are naturally more exposed to

solvent than properly micellized molecules. For comparison purposes, we compare

the solvent access of SHS molecule tails in the presence of excess CaCl2, which re-

duces the oligomeric contribution to solvent accessible surface area value. Throughout

the hydrocarbon tail, SHS has 15 − 25% more solvent exposed surface than the more

strongly micellizing SDS at corresponding ionic strength. This results mainly from the
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more disorganized structure of the SHS micelles.

SHS micelle structure was also characterized by the gauche defect probability.

SHS has a gauche defect probability of 0.19 ± 0.01 (no excess salt/ excess NaCl) or

0.18 ± 0.01 (excess CaCl2) for each bond in the hydrocarbon tail. Corresponding val-

ues for SDS are 0.16±0.01 (no excess salt/ excess NaCl) or 0.14±0.01 (excess CaCl2)

calculated from simulations data discussed in Ref.33. In comparison to SDS31,33, SHS

forms more disorganized micelles, as also visible in the snapshot of Fig. 1. Addition-

ally, ionic strength sensitivity is larger in SDS micelles. For both SHS and SDS, the

gauche defect probability is insensitive to concentration or addition of monovalent salt.

Adding divalent salt decreases the gauche defect probability for SDS33 but for SHS the

decrease falls between the error estimate.

3 Discussion

We have investigated the critical micellization concentration, micelle size distribution,

and micelle structure of an anionic surfactant, SHS, at conditions close to the exper-

imental CMC. The simulated systems were large enough to describe consistently the

micelle size distribution. Effects of increased ionic strength of solution were probed

through an increase in the surfactant concentration and addition of excess sodium chlo-

ride or calcium chloride. The simulations reached equilibrium for all systems except

those containing divalent salt. Our calculations match experimental measurements of

critical micellization concentration and micelle size distribution3,41,42. Furthermore,

the presence of divalent Ca2+ ions is observed to dominate ion condensation around

the micelles, leading to more compact aggregates and slower micelle dynamics in com-

parison with the monovalent Na+.

We initially verified that the system size of 200 SHS molecules and the duration

of 200 ns is sufficient to produce a micelle size distibution that is independent of the

simulation system size or initial configuration by probing various initial configurations

and doubling the system size. We concluded that the system size is sufficient and

we have achieved a stable distribution which we consider to represent the equilibrium

distribution. We point out that the micelle dynamics in the Ca2+ containing systems

are significantly slower than in the Na+ containing systems due to the formation of

salt bridges, see Refs.32,33; For the Ca2+ containing systems, it is likely that the 200 ns
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simulation does not encompass a representative set of dynamics events to describe true

equilibrium which shows as a non-smooth micelle size distribution. Nevertheless, the

Ca2+ containing systems also probe the equilibrium event space to a large degree.

The simulations give a critical micellization concentration of 360 ± 30 mMol or

300 ± 10 mMol for the SHS system. We did observe some variation in the calculated

CMC value due to variation in the oligomer concentration between systems of different

overall concentrations. The observed difference is partly due to less "free volume" for

oligomers and partly to solution nonidealities. However, the calculated CMC values

are close to each other and in good agreement with the experimentally reported CMC

values of 420 mMol41 and 517 mMol42. We also report the CMC of the model decreas-

ing systematically with ionic strength, which is in agreement with general behavior of

ionic surfactants3,67.

At approximately 700 mMol concentration, we observe SHS to form a continuous

micelle size distribution from oligomers to micelles of a maximum size of around 25

molecules. Ref.42 reports that SHS has premicellar aggregation below the CMC. In

our simulations, a significant number of SHS molecules aggregates in clusters smaller

than 10 before the onset of actual micellization and the continuous aggregate size dis-

tribution we found supports this observation. At 1 Mol concentration, a proper micelle

peak is observed with a maximum around aggregation number N = 17. Adding NaCl

shifts the micelle size distribution by a few molecules towards larger aggregates. A

large increase, as well as, a widening of the distribution is observed in the presence

of CaCl2. Experimentally, it is well-established that the aggregation number of ionic

micelles grows as a function of surfactant or ion concentration57–61; our results agree

with these observations.

SHS is a weakly micellizing surfactant. Thus very little experimental data on SHS

micelle structure exist. This is also the case for longer-chain sodium alkyl sulfate mi-

celles. We found that water and ions do not penetrate into the micellar core, but a larger

number of methyl chain end groups are close to the micelle surface and exposed to wa-

ter than in SDS micelles. SHS micelles are more disorganized, the hydrocarbon chains

have more kinks (gauche defects), and the hydrocarbon chains in the micellar center

are in a more fluidic phase than the more strongly micellizing, longer chain, sodium

alkyl sulfate micelles. In Ref.42, Suarez et al. report an organized micellar structure for

SHS, but with a large exposure of alkyl chains to the solvent. Our observations fully
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agree with this.

Other than the micelle size distribution peak position, the type of excess ions in

the simulation system also influences micelle structure. When present, Ca2+ replaces

Na+ as the condensed counterion and the resulting micelles are significantly more

ordered and compact; surfactant molecules become effectively more rigid. Rigidity

shows both in the dynamics and in the molecule length, or gauche defect probability.

Ion interactions and their effects on longer chain sodium alkyl sulfate micelles have

been studied in Refs.29,61,68–74. The general agreement is that the ion type and con-

centration affect the micelle structure and dynamics for the longer chain alkyl sulfate

micelles. Reference29 provides a comparison between Li+, Na+, and NH+
4 counterions

for longer chain alkyl sulfates based on molecular dynamics simulations. Multivalent

ions have been studied much less: The effects of Na+, Ca2+, and Al3+ on sodium

dodecyl polyoxyethylene-2-sulfate micelles have been compared in Ref.75 and a small

concentration of multivalent ions is reported to change the micelle shape and increase

the aggregation number close to CMT. This is again well in line with our observations

of excess Ca2+ inducing much more drastic changes in micelle structure, aggregation,

and dynamics than excess Na+. We note that all our SHS results in saline solutions

match our previous work of SDS in excess salt of Ref.33 but represent a more disor-

ganized system. A detailed discussion of the longer hydrocarbon chain SDS micelles

in the presence of excess Na+ and Ca2+ ions is presented in Ref.33. It may be worth

pointing out that in bilayers (and hence in liposomes), the effects of salt can also be

hard to predict. It has been shown by Zhao et al.76 that salt bridges may strongly pro-

mote cluster formation and the stability needed in bacterial membranes. It has also

been shown that the content of a charged lipid / surfactant together with salt content is

important in determining both static and dynamic properties of bilayers77. In micelles,

the length of the hydrocarbon tail has a strong contribution to both dynamics and static

properties as the difference between this study and Refs.32,33 show.

Aggregation numbers of ionic micelles grow as a function of surfactant or ion con-

centration57–61. This is, in general, associated in small angle neutron scattering (SANS)

or small angle X-ray scattering (SAXS) measurements with a structural change from

spherical to elongated or worm-like micelle. Recently, Ref.78 raised a question as to

whether the structural change data could also match oblate micelles and concluded that

for most of the existing experimental data an interpretation as either oblate or prolate
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ellipsoids is possible. We analyzed the SHS micelle shapes at various ionic strengths

and conclude that SHS forms prolate micelles at large aggregation numbers. As most

of the large aggregation numbers are obtained at high ionic strengths, this is in agree-

ment with Ref.78 which concludes that a high ionic strength promotes prolate micelles.

Furthermore, the shape analysis shows that the decrease of Coulombic screening length

due to increase in ionic strength extends the aggregation number interval at which the

micelles remain spherical.

To conclude, we have studied sodium hexyl sulfate micellization and equilibrium

micelle structures using molecular dynamics simulations. To our knowledge, these

are the first atomistic simulations of surfactant systems with explicit solvent and ions

that achieve timescales required for system equilibration at concentrations comparable

to experimentally reported CMCs. Given the steady advances and improvements in

computational tools, we expect such atomistic simulations to yield important insights

into the micellization dynamics of more complex surfactants in the near future.
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