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General Introduction

General Introduction
Understanding of the physicochemical properties of surfactant self-assembly is of key
importance in many industrial applications. One of the most important applications of
surfactants is the use in detergents. For new detergent development, many technical
requirements are raised; e.g., how to improve washing performance, how to prevent dirt
from reattaching to clothes,
antimicrobial properties,

4,5

1

how to control foaming/defoaming,

2,3

and how to add

and so on. Even though these technical issues are closely

related to the physicochemical nature of the surfactant molecular self-assembly, product
design has hardly been based on molecular theory and current detergent developments still
have to rely on trial and error. In this dissertation, we investigate two major technical
aspects of surfactant self-assembly in the detergent application using molecular dynamics
(MD) simulations, (1) long term stabilization 6 and (2) improvement of detergency, which
are the most basic properties and important for detergent reliability. Here, we analyzed
molecular configuration and behavior of the surfactants to contribute to the molecular
design of detergents.
Long term stabilization of detergent as a homogeneous liquid is required during
manufacturing, transportation, and preservation. Hydrated crystal with low-water content
lamellar (Lc phase) precipitates below a temperature known as the Krafft point. The
precipitation occurred in a cold climate is unfavorable for liquid detergent since it causes
turbidity and solidification. To achieve long term stabilization of the detergents, we need to
avoid the precipitation of surfactant crystals. However, the detailed structure of Lc phase
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which causes the precipitation has not been clarified so far. Thus, first of all, understanding
and characterization of the Lc phase should be required. Then, the phase behavior of
surfactant assembly should be investigated. The Lc phase has highly oriented molecular axis
with all-trans conformation of alkyl chain. At higher temperatures, we obtain relatively
disordered sub-phases, such as, gel (Lβ), tilted gel (Lβʹ), and liquid crystal (Lα) phases. 7 If
specific molecular topologies and/or interactions in the Lc phase, which is the main cause of
the precipitation, are clarified by determining the lamellar structures and understanding
differences of these molecular dynamics, the first technical aspect is expected to be solved.
The improvement of detergency, which is closely related to an enhanced
“solubilization” (incorporation of hydrophobic dirt into surfactants micelles

8–10

), is highly

required. In order to improve the detergent function, mixing of different surfactant species
are often adopted in a practical application. By the mixing, surface tension and critical
micelle concentration (CMC) can be decreased,

8,11

which means that high detergency is

achieved with low surfactant content. Also, the actual dirt is often consists of various polar
components such as lipids, proteins, and bacteria. Since performance of the detergents
depends on the polarity of the solute to be solved, systematic understanding of the complex
solubilization behavior of the mixed micelles is required as a function of the mixing ratio of
surfactants. The knowledge must contribute much to the design of surfactant mixtures
tailored to the cleaning target.
We aimed to clarify the details of molecular structure and behavior of the surfactants
and to obtain information based on molecular theory which can work as a development
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guideline of new detergents. Here, we carried out MD simulations for the hydrated crystal
and mixed micelle systems.
In Chapter 1 and 2, we investigate structure of low-water content lamellae composed
of sodium linear alkylbenzene sulfonate (LAS), the most commonly used surfactant in
industry. Determination of accurate molecular configuration in the Lc phase precipitated in
solution is not straightforward. The accurate molecular configurations have been reported
for a few surfactants for various water content, temperature, and pressure. For example,
sodium dodecyl sulfate (SDS) has been found to form dihydrate (SDS·2H2O),
monohydrate (SDS·1H2O),
(SDS·0H2O)

15

12

hemihydrate (SDS·½H2O),

26

⅛ hydrate

14

and anhydrate

as the water content decreases. A determination of the single crystal

structure succeeded for anionic surfactants,
phospholipids

13

7

12–14,16

glycolipids, 17–23 aliphatic acids 24,25 and

in the Lc phase by single crystal X-ray diffraction (XRD). However, in

spite of the importance of LAS as one of the most commonly used liquid detergents, its
single crystal structure in the Lc phase has not yet been determined.
“Powder” XRD techniques have been applied to structural analysis of polycrystalline,
and they have been successful for inorganic materials. In contrast, the polycrystalline of
organic material including the surfactants with low symmetry, the structural identification
is difficult due to peak overlap in the diffraction pattern. Smith et al. determined anhydrous
crystal structure of SDS

15

using synchrotron powder XRD with systematic trial structure

determination for subsequent Rietveld refinement.27 Then, a single crystal of hemihydrate
was required as the initial configuration to perform the structural determination. Instead of
the trial structure determination procedure, MD simulation can be employed since we are
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also interested in the local molecular structures and dynamics of the system after the
thermally induced phase transition such as the Lβ or Lα phase as described in Chapter 2.
There are two major issues to be overcome to conduct MD simulation of hydrated
surfactants in the Lc phase. First, an accurate hydration number of the crystalline surfactant
should be obtained. In the Lc phase, a fixed number of water molecules are included in a
unit lattice of the hydrated crystal of the surfactant. 9 Unfortunately, the hydration number
of the crystal has not been determined for LAS or many other surfactants. Further, the
hydration number may change when a phase transition to the Lβ or the Lα takes place.

28

Then, the excluded water may come into the hydrophilic inter-bilayer regions. Therefore, a
possible change in the hydration number caused by the phase transition should be taken into
account in the MD simulation. The second is the initial configuration. Typically, it takes
several hours or days to crystalize the hydrated surfactants even experimentally owing to
their low structural symmetry. Thus, spontaneous formation of surfactant self-assembly in
the Lc phase cannot be expected in the simulation time. Therefore, we must assume the
initial configuration to start the MD simulation including the number of water molecules
involved in the crystal.
We investigate, in Chapter 1, we solved these two issues with the aid of XRD pattern
as reference data in a similar way to other studies on inorganic materials
crystals.

30

29

and cellulose

A series of MD simulations starting from possible LAS crystalline structures

have been carried out with five different hydration levels (anhydrate hemi-, mono-, di-, and
tetrahydrates) under ambient condition. Further, to understand the structural change during
thermally induced phase transition from the Lc to relatively disordered subphases,
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additional MD simulations with heating have been performed, and we discuss the
disordered structures by comparing with the XRD experiment.
We also investigate the phase behavior of surfactant assembly of LAS in the Lc, Lβʹ,
and Lα phases. As discussed in Chapter 1, lamellar structures show various subphases
depending on their molecular orientation and dynamics. In the Lc phase, at the lowest
temperature, the alkyl groups are regularly arranged in the all-trans conformation. A
stoichiometric number of water molecules are arranged as hydrating water around the
hydrophilic groups of the surfactant.

7,12,23–25,31,32,13,16–22

In this phase, lateral translational

diffusion as well as reorientation attributed to twisting motion around the molecular axis
are extremely slow.

9

In the Lβ phase, at higher temperatures, conformation of the alkyl

groups remains almost all-trans. Surfactant molecules in the Lβ phase show no lateral
diffusion, though they show reorientation.

33,28

In Lβʹ phase, surfactant molecules are

inclined with respect to the bilayer normal. 34–36 In the Lα phase, at the highest temperature,
lateral arrangement of the surfactant molecules and conformation of the alkyl groups are
disordered. Surfactant molecules have high mobility with respect to lateral translation and
reorientation, and thus the phase exhibits macroscopic fluidity.

37

However, the

conformation of the surfactants in these lamellar phases is still not fully understood.
Sperline et al. investigated the conformation of SDS 38–40 and LAS 41,42 in the Lc phase
using infrared spectroscopy (FT-IR) and linear dichroism (LD) measurements. SDS in the
Lc phase of a monohydrate crystal has a gauche conformation at the alkyl chain segment
bound to the OSO3- group, whereas it has an all-trans conformation in a crystal with
different hydration numbers. SDS 39 and LAS 41 in the Lβʹ phase have alkyl groups inclined

9
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by about 45° with respect to the bilayer normal. It is supposed that the double gauche
conformation produces a uniform tilt of the alkyl chains, which may allow the surfactant
molecules in the Lβʹ phase to twist with very low translational diffusivity. A MD simulation
study on dipalmitoyl phosphatidylcholine (DPPC) bilayers by Tu et al. tried to investigate a
relationship between chain conformation and reorientation in the Lβʹ phase.

35

It has also

been reported that the gauche conformation is reduced for SDS and LAS in the Lα phase
adsorbed on an Al2O3 surface, which is attributed to the strong electrostatic interaction
between the head groups (OSO3- or SO3-) of the surfactants and the matrix surface. 40,42 We
can thus expect that a similar reduction of the gauche conformation may occur in the bulk
Lα phase with a lower hydration number through salt-bridging among the head groups of
the surfactant via counter ions. However, within our knowledge, this has not been
previously reported.
In Chapter 2, we investigate the difference of molecular dynamics in the Lc, Lβʹ, and Lα
phases based on 1 μs long MD trajectories. The initial configurations of these phases in this
simulation were adopted which obtained by combining XRD and MD simulation in
Chapter 1. Further, the differences in terms of lateral translation, reorientation, and
conformation patterns of alkyl chain have been analyzed. Then, we discuss the difference in
molecular configuration and its behavior that can lead to the precipitation of Lc phase.
In Chapter 3, we investigate solubilization phenomena of mixed micelles composed of
several mixing ratios of sodium dodecyl sulfate (SDS) and octaethyleneglycol
monododecyl ether (C12E8). Decrease in surface tension and CMC by the mixing of the
surfactants is called synergistic effect. It is explained by non-ideal liquid theory, where a
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parameter of intermolecular interaction β is negative, i.e. attractive interaction between
different surfactants suggested by Rosen et al.
combinations of surfactants.

8

43,44

The β has been investigated for several

Furthermore, it has been reported that solubilization is also

affected by the species of mixing surfactants.45,46 However, there has been no research
focusing on the solute molecules in mixed micelles where special interactions may be
found.
MD simulations can be used to clarify the influence of mixing of the surfactants on
solubilization from a microscopic viewpoint. Though, in fact, they have been applied to the
investigation of solubilization in many studies,

47,48,57,49–56

However, few of them

considered mixed micelles, possibly because there are few experimental data on their
aggregation number and composition. Mehling et al. have reported systematically
prediction studies of partition coefficients of ionizable solutes, log P and log D, between
mixed nonionic/ionic micelles and water by COSMO-RS method.

58

The predicted values

have showed good agreement with some experiments. However, COSMO-RS itself does
not present microscopic information of solubilization but estimate log P values using the
information obtained by MD calculations. In order to investigate molecular behavior of the
solubilization, that is, microscopic origin of the log P values, we must conduct MD
calculations.
We examine a mixed micelle composed of SDS and C12E8, for which the aggregation
number is known from experiments. The MD simulations were carried out to examine
solubilization at various SDS/C12E8 compositions. From the MD simulations at each
composition, the corresponding equilibrium micelle structure was obtained. Then, the free
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energy profile, ΔG(r), for the solubilization of solute molecules from the bulk water into
the micelle center was calculated using the thermodynamics integration method based on
MD simulations. To focus on the relationship between the molecular interactions and
solubilization of solute molecules, the cyclic compounds, cyclohexane, benzene, and
phenol, which commonly consist of six carbons (C6) with similar molecular size and
different polarities were examined. Based on ΔG(r), we discuss the relationship between
the solubilization of the solute molecules and the mixing state of the surfactant molecules.

12
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Chapter 1. Structure of Hydrated Crystal (Lc), Tilted Gel
(Lβʹ), and Liquid Crystal (Lα) Phases of Linear
Alkylbenzene Sulfonate (LAS) Studied by X-ray
Diffraction and Molecular Dynamics Simulation

1.1. Introduction
Surfactants dissolved in aqueous solution show various kinds of self-assembled
structures such as micelles, hexagons, lamellas, and reverse micelles, depending on the
molecular structure, concentration, and thermodynamic conditions.

59

In the aqueous

solution, surfactants such as sodium dodecyl sulfate (SDS) and sodium linear alkylbenzene
sulfonate (LAS) form lamellar structures at high concentrations and micelles at low
concentrations. Precipitation of the hydrated crystal (Lc) phase gives rise to turbidity of the
aqueous solution and decrease in fluidity. Thus, from a viewpoint of long term storage of
solution products such as liquid detergents and cosmetics, prevention of the precipitation as
the hydrated crystal in ambient condition is highly required. 6
As stated in General Introduction, in spite of the importance as most commonly used
liquid detergents and other applications, the structural detail of the Lc phase of LAS has not
been determined. However, it still not be cleared.
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Molecular dynamics (MD) simulation was employed in the Chapter 1 since we are
also interested in the local molecular structures and dynamics of the system after the
thermally induced phase transition such as the gel (Lβ) or liquid crystal (Lα) phase as
described later.
There are two major issues to be overcome to conduct MD simulation of hydrated
surfactants in the Lc phase. First, an accurate hydration number of the crystalline surfactant
should be obtained. In the Lc phase, a fixed number of water molecules are included in a
unit lattice of the hydrated crystal of the surfactant. 9 Unfortunately, the hydration number
of the crystal has not been determined for LAS or many other surfactants. Further, the
hydration number may change when a phase transition to the Lβ or the Lα takes place.

28

Then, the excluded water may come into the hydrophilic inter-bilayer regions. Therefore, a
possible change in the hydration number caused by the phase transition should be taken into
account in the MD simulation. The second is the initial configuration. Typically, it takes
several hours or days to crystalize the hydrated surfactants even experimentally owing to
their low structural symmetry. Thus, spontaneous formation of surfactant self-assembly in
the Lc phase cannot be expected in the simulation time. Therefore, we must assume the
initial configuration to start the MD simulation including the number of water molecules
involved in the crystal. In Chapter 1, we solved these two problems with the aid of XRD
pattern as reference data in a similar way to other studies on inorganic materials
cellulose crystals.

30

29

and

A series of MD simulations starting from possible LAS crystalline

structures have been carried out with five different hydration levels (anhydrate hemi-,
mono-, di-, and tetrahydrates) under ambient condition.
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This chapter is outlined as follows: In Section 1.2., we describe details of sample
preparation for LAS, XRD experimental procedure, and conditions of the XRD analysis.
We also give modeling of initial crystal configuration and the details of MD simulations. In
Section 1.3., we characterize the crystal structure of each hydration number, and verified
whether the simulated diffraction patterns agree with the experimental ones or not. Detailed
analysis of the diffraction peaks and the cross-sectional structure of the alkyl group are also
given for the simulated monohydrate system, which most closely reproduced the
experimental diffraction pattern. We discuss the structural change caused by the phase
transition to the Lβʹ and Lα phases based on experimental and simulated diffraction patterns
at 360 and 400 K. Finally, we conclude this chapter in Section 1.4.

1.2. Experiment and Simulation Details
Sample Preparation and XRD Experiment.
The hydrophobic moiety of industrially synthesized LAS is typically a dodecyl group.
There are six isomers depending on the position of the hydrophilic moiety bound to a
carbon in the dodecyl group. In Chapter 1 and 2 focuses on sodium n-dodecylbenzene
sulfonate, as shown in Figure 1.1, which has no branched alkyl chain and is the most easily
crystallized among the isomers. The LAS was synthesized by the method reported by Gray
et al.

60

Recrystallization was performed to remove unreacted substances and excess

inorganic salts. The purity was 99.8 % by LC-MS analysis. After drying LAS in a vacuum
oven, ion exchange water was added to prepare LAS 80 wt% aqueous slurry. In the DSC
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measurement, an endothermic peak was observed in the vicinity of 350 K as reported to be
a main transition temperature by Ma et al. 61 After annealing at 353 K for 10 days or more,
the slurry temperature was set back to 298 K. SAXSess MC2 (manufactured by Anton Paar,
irradiation X-ray source Cu-Kα ray, λ = 1.5418 Å) was employed for the XRD experiments.
After the XRD measurement at 298 K, the temperature was raised to 358 K. And the XRD
measurement was performed again after 3 hours. The sample was sealed in a closed cell
and placed into vacuum X-ray transmission path to conduct the measurement.

Molecular Dynamics Simulation.
Figure 1.2 shows a schematic diagram of the procedure for preparing the hydrated
crystal structure of LAS in MD simulations under a three dimensional periodic boundary
condition. Assuming anhydrate, hemi, mono, di, and tetrahydrate of LAS, five different
initial configurations were prepared by the following procedure: First, molecular structure
of LAS with one sodium ion and one water molecule which were located near the
hydrophilic moiety was energy-minimized by the steepest descent method.

62

The LAS

molecule was rotated such that the bond vector from “C1” to “S” (see Figure 1.1) was
oriented to the bilayer normal (the z-axis). Atom coordinates of the LAS molecule with one
sodium ion and one water molecule were copied in the lateral (the x-y plane) direction to
form a monolayer composed of 10 × 10 LAS molecules in a rectangular shape, so as to
satisfy the lateral repeat-spacing of alkyl groups as suggested by the measured diffraction
pattern described later in Section 1.3. In the same manner, the other monolayer consisting
of the same number of LAS molecules was prepared. Then, the initial configuration was
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constructed by facing the each monolayer as the upper and lower leaflets of bilayer.
Projection planes of the upper and lower alkyl groups were overlapped in the orthogonal
direction to the molecular axis. The monohydrate system consisted of 200 LAS, 40 Na+,
and 40 water molecules was prepared in a rectangular simulation box with the dimension of
38, 42, and 40 Å along the x, y and z axes, respectively. Excess water molecules were
removed from the constructed bilayer for anhydrate, and hemihydrate system. To construct
dihydrate and tetrahydrate systems, 200 and 600 water molecules were added in the
hydrophilic region, respectively. After the energy minimization of these initial
configurations, the following series of MD simulations were performed under constant
temperature T and pressure P conditions to relax the system. In these MD simulations, with
an assumption that the alkyl group of LAS in the hydrated crystal forms all-trans
conformation, all dihedral angles in the alkyl chain were constrained to be 180 degree by
applying a harmonic constraint with a force constant K = 100 kJ/mol/nm2 .
First, 100 ps long MD simulation was performed with T = 3 K and P = 105 MPa.
Subsequently, sequential 16 sets of 100 ps long MD simulations were performed in which
given P values were decreased in stepwise fashion from 105 MPa to 1 × 104, 5 × 103, 2 ×
103, 1 × 103, and 0.1 MPa. Next, with P = 0.1 MPa, sequential 60 sets of 100 ps long MD
simulations were carried out in which given T values were increased in a stepwise fashion
from 5 K to 300 K with 5 K increments. When a large deformation occurred in these
relaxation processes, simulations were suspended. Then, a partial region containing four
adjacent LAS molecules (a×b×c = 1×2×2) where the molecules still keep relatively high
structural order with the neighboring sodium ions and water molecules were picked up

17

Chapter 1

from the total system. Using this partial system, we reconstructed the total system
composed of 200 LAS molecules such that the size of the simulation cell does not change.
The MD simulation, then, restarted from this reconstructed structure. This structural
relaxation process was repeated until no structural change occurred at P = 0.1 MPa and T =
300 K.
MD simulations were further performed in which the constraints on the dihedral
angles in alkyl groups were gradually removed over 500 ns. Then, MD simulations without
any dihedral constraints at ambient condition were performed for 500 ns. Further, to
investigate structural changes caused by thermally induced phase transition, additional 500
ns long MD simulations at P = 0.1 MPa and 360 K, followed by 500 ns long MD
simulations at P = 0.1 MPa and 400 K were performed for each system.
Details of MD simulations are as follows: The temperature was controlled by the
velocity scaling method during a process of initial structural relaxation, while the NoséHoover thermostat
Rahman barostat

64

63

was used after the final stage of the modeling cycle. The Parrinello-

was chosen to control the pressure tensor, which allows the simulation

unit cell to deform into any parallelepiped shapes. The fully flexible cell is desired to
simulate a structural change from the Lc to other phases. For the numerical integration of
the Newton’s equations of motion, the leap-frog method was adopted with a time step of 2
fs. The distance of covalent bonds involving hydrogen atoms were constrained by the
LINCS algorithm. 65 The rigid TIP3P model 66 was adopted for water, while the CHARMM
force field

67

with the partial charges proposed by He et al.

68

was adopted for LAS. The

Lennard-Jones interaction was smoothly truncated by applying a switching function from
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10 to 12 Å. The particle mesh Ewald (PME) method

69

was used to calculate the

electrostatic interaction. In all MD simulations, the program package GROMACS-5.1.3

70

was used. To calculate the diffraction pattern from MD trajectories, the program package
Mercury-3.10.2 71 was used. The procedure for obtaining the diffraction pattern is described
in the textbook of Giacovazzo et al.

72

In the diffraction pattern calculation, the

parallelepiped simulation cell was regarded as a triclinic Bravais lattice. Besides, we
assumed that the space group was specified to “P1”, since the unit cell and space group
necessary to obtain the diffraction pattern could not be determined from the experiment
with LAS samples in the Lc phase.

1.3. Results and Discussion
XRD Experiment
In this section, we examine the two X-ray diffraction patterns of LAS 80 wt% aqueous
slurry measured at different temperature conditions: T = 298 K at which LAS is in the Lc
phase, and 358 K at which it is reported in the Lα phase.
Figure 1.3 shows the measured diffraction patterns in each temperature condition,
which demonstrate the structural change by the phase transition. In both temperature
condition, equally-spaced multiple diffraction peaks derived from the periodic lamellar
structure were observed in the small angle region. The position of primary diffraction peak
is 2θ = 2.37 °; d = 37.3 Å at 298 K where 2θ and d are the diffraction angle of X-ray and
periodic spacing, respectively. It is slightly smaller at 358 K, 2θ = 2.22 °; d = 39.8 Å. This
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shift indicates that an interval of the lamellar of the hydrated crystal increased with
increasing temperature.
Another diffraction peaks were confirmed in the vicinity of 2θ = 20° (2θ = 17.8, 18.7,
20.0, 21.2, 22.7, and 23.4°; d = 5.0, 4.7, 4.4, 4.2, 3.9, and 3.8 Å) mainly derived from
distance of the most adjacent alkyl groups. At 298 K, the positions of the observed
diffraction peaks are close to the reported values with assuming the arrangement of alkyl
groups in the x-y plane is in the rectangular lattice structure (2θ = 21.2 and 23.4°; d = 4.2
and 3.8 Å).

73

The other peak was also observed at 2θ = 17.8°; d = 5.0 Å, which is not

reported in the diffraction patterns for other surfactant systems. This peak might be
originated from a periodic arrangement of counter ions, waters, or benzene rings within the
LAS hydrated crystal, since this interval is too large to be regarded as the periodic interval
of the nearest alkyl groups.
At 358 K, some of diffraction peaks 2θ = 17.8 and 23.4° corresponding to d = 5.0 and
3.8 Å, disappeared. In contrast, a few sharp diffraction peaks still remained such as 2θ =
21.2°; d = 4.2 Å even at 358 K. They are qualitatively different from the generally-known
broaden diffraction peaks derived from the Lα phase. Namely, the actual lamellar structure
of LAS observed at 358 K has higher periodicity than that expected in the Lα phase.
On the other hand, according to the phase diagram of hydrated LAS suggested by Ma
et al., the solution with a composition of LAS/water = 80/20 (w/w) should exhibit a
lamellar Lα phase at 358 K. The inconsistency of our observation with that by Ma et al. may
be due to their use of the polarized microscopy alone to confirm the phase.
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Note that the number of water molecules located in an inter-lamellar hydrophilic
region of the hydrated crystals is determined stoichiometrically under given conditions of T
and P.

9

The hydration level in the well-equilibrated hydrated crystal is uniquely

determined. Although there is a possibility that experimental samples prepared here might
contain hydrated crystals with different hydration numbers, it should be minor. Therefore,
we assumed that the experimental XRD patterns come mainly from hydrated crystals with
unique hydration numbers.
The more detailed structure of the LAS hydrated crystals at different temperatures will
be discussed in the next section on the basis of our MD simulations.

Comparison of the Experimental and Simulated XRD Patterns
A comparison of the experimental diffraction patterns and those calculated from MD
trajectories of LAS hydrated crystals with different hydration numbers are made. Figure 1.4
plots the diffraction patterns calculated from the MD trajectory of the LAS anhydrate,
hemi-, mono-, di-, tetrahydrate crystals at 298 K. The calculated diffraction pattern based
on the MD trajectory for the LAS monohydrate crystal almost reproduced the experimental
diffraction patterns at 298 K: 2θ = 7.29° (corresponding to the third peak from the lamellar
repeat spacing), 17.8, 18.6 (≒ 18.7), 20.2 (≒ 20.0), 21.1 (≒ 21.2), 22.7, and 23.5° (≒
23.4°) (d = 36.3, 5.0, 4.7, 4.4, 4.2, 3.9, and 3.8 Å). The consistency of monohydrate crystal
is clear when we compare the diffraction patterns obtained from other hydration level.
Therefore, we conclude that the lamellar structure observed in the XRD experiment at
ambient temperature is consistent with the monohydrate LAS hydrated crystal structure
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simulated by MD. We note that there are still minor differences between them such as
excess / deficiency peaks, small shifts of peak positions, and differences in relative peak
intensity. These differences may be attributed to different water distribution in space from
that of monohydrate crystals. The structural stability of the monohydrate system may be
attributed to achieving filling free spaces and making energetically-favorable interactions,
with minimum hydrated water around LAS hydrophilic groups. Figure 1.5(a) shows radial
distribution function between sulfur atom of LAS and oxygen atom of water gS-O(r) under
the same temperature and pressure condition with different hydration numbers. The first
peak of the gS-O(r) in the monohydrate system (yellow) is sharpest among the systems. It
indicates that greater amount of water molecules are arranged around the sulfate atoms of
LAS with energetically favorable interactions. Figure 1.5(b) shows mass density of the
calculated systems. The monohydrate system exhibit the highest density among the five
systems, which indicates that the monohydrate system has less free volumes than the other
systems under the same temperature and pressure condition, partially attributed to the
energetically-favorable water-sulfate group interaction shown in Figure 1.5(a).
Figure 1.6(a) shows an example of the arrangement of the alkyl groups in the sectional
plane extracted from the MD trajectory for the monohydrate crystal at 300 K. The initial
arrangement of the alkyl groups before the structure relaxation cycle by a series of MD
simulations was a rectangular lattice with a dimension of 4.2 Å in the direction along C-C
bond and 3.8 Å in the orthogonal direction, whereas the arrangement after the structure
relaxation cycle is a rectangular lattice with a dimension of 4.6 Å along C-C bond and 4.0
Å in the orthogonal.
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In addition to these dimensional changes of a lattice, the adjacent alkyl groups along
the orthogonal direction of C-C bond were shifted of C-C bond with a half distance of
adjacent alkyl groups along C-C bond direction from initial arrangement in the structural
relaxation process. This shift is accompanied by the change of a lattice shape from a
rectangular to a face-centered rectangular lattice. As a result, a separation distance of the
most adjacent alkyl groups is about 3.9 Å, which is the origin of the diffraction peak at 2θ =
22.7° in Figure 1.3. There remain, however, some XRD peaks (at 2θ = 19.3, 19.7 and 22.2°;
d = 4.6, 4.5 and 4.0 Å) which cannot be assigned only by the d-spacing values of the facecentered rectangular lattice. Figure 1.6(a) also shows that alkyl groups in the upper and
lower leaflets of the bilayer did not completely overlap in the direction of the molecular
axis after the structural relaxation cycle. The periodicities in positions of alkyl groups
between upper and lower monolayers might contribute to diffraction peaks observed in the
XRD experiment.
Figure 1.6(b) shows the projection planes of the upper and lower alkyl groups aligned
to overlap each other. We can confirm the periodic spacing corresponding to 4.7, 4.4 and
3.8 Å of the monoclinic lattice structure. Another periodic spacing can be confirmed with
Figure 1.6(c). After the structural relaxation cycle, the hydrophilic group consisting of
benzene ring and sulfonate group were bent by about 40° with respect to the tilted alkyl
groups. The LAS hydrophilic groups are salt-bridged between the facing lamellas via
sodium ions. In this configuration, the spacing between adjacent hydrophilic groups is
about 5.0 Å, and the lamellar repeat spacing is 36.3 ± 0.1 Å (≒ 37.3 Å).
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Thus, we succeeded in assigning the d-spacing corresponding to the pronounce
diffraction peaks of 2θ = 7.29, 17.8, 18.6, 20.2, 21.1, 22.7, and 23.5°, which strongly
supports our evaluation that the diffraction pattern calculated from MD trajectory for
monohydrate crystal at 298 K well reproduces the experimental XRD on the LAS sample in
the Lc phase.
It should be noticed that structural change from the rectangular to the face-centered
rectangular lattice occurred spontaneously in the process of structural relaxation. It implies
that MD simulations have a possibility to predict molecular structure of unknown hydrated
crystals of surfactants by adopting proper initial configurations based on the repeat-spacing
information provided by the XRD experiment.
In summary, the Lc structures with different hydration levels were obtained by
repeating the rearrangement and the structural relaxation from the artificial configurations
based on the limited number of d-spacing values, and the Lc structure of the monohydrate
system best reproduced the diffraction pattern. It is experimentally confirmed that SDS can
form dihydrate,7 monohydrate,12 hemihydrate,13 and anhydrate

15

Lc phases. Thus, we

consider that LAS could also form the Lc phases with hydration numbers other than the
monohydrate. If we prepare and examine much more samples with different water/LAS
composition, it is possible to find other hydration crystals of LAS with different hydration
numbers. Crystal structures other than the monohydrate system that did not match the
experimental XRD pattern.

Crystal Structures of Other than the Monohydrate System
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The crystal structure of LAS under the ambient conditions was found to be the
monohydrate. However, recent studies on SDS reported that different crystalline
polymorphs can be produced by performing temperature drop experiments at various
temperature conditions. 74 Therefore, the structures of the other hydrates might be observed
depending on the conditions. In this Section, we describe the crystal structures other than
the monohydrate system did not match the present experimental XRD pattern. Table 1.1
shows the area per molecule S in the x-y plane, the tilt angle of the alkyl group φ, and the
lamellar repeat spacing dL for each hydrated crystal structure. Here, φ is defined as the
angle between a vector connecting C1 to C18 carbon atoms (noted in Figure 1.1) and the zaxis, and averaged over simulation time and LAS molecules. As increasing the hydration
number, S and φ both increased. dL for anhydrate and tetrahydrate systems are larger than
those observed in the other systems. The mechanisms of these differences are understood
by captured images and number density profiles of each atom along the z-axis as
summarized in Figure 1.7. In the case of anhydrous crystals, the sodium ions are mainly
located at the space between lamellae along the bilayer normal (Figure 1.7(a) and (b)),
whereas in higher hydrated system, sodium ions are also more frequently found in the
vicinity of sulfonate group along the lamella plane (Figure 1.7(e)–(j)). Most water
molecules exist near the benzene ring in hemihydrate and monohydrate systems (Figure
1.7(c)–(f)), while stoichiometrically-excess water in dihydrate and tetrahydrate systems,
were located between lamellae with forming a thin aqueous layers (Figure 1.7(g)–(j)). The
oxygen atoms of water located near the benzene ring uniformly coordinates to sodium ions
(Figure 1.7(a), (c), (e), (g), and (i)). Based on these observations, we judged that the
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increase in S originates from the local configuration in which sodium ions or hydration
waters are located near the hydrophilic group. An increase in φ is caused in order to fill the
additional free volume generated by the increase in S. We consider that the water molecules
near the benzene ring contribute to stabilize the crystal structure by (1) filling free spaces
around the benzene rings with realizing closer atom packing in the crystal, and (2) making
energetically-favorable interactions of the polar functional group of LAS (charge-dipolar
interaction) with sodium ions, as suggestion by Laughlin. 9 The trend of increases in S and
φ, accompanied by decrease in dL, with hydration number of the crystals is consistent with
the trend observed in the anhydrides and monohydrates of SDS crystals reported by Smith
et al.

15

Therefore, the trend is a common between LAS and SDS, and might be observed

for other ionic surfactants systems. Figure 1.8 provides another beneficial information
about local configuration in the LAS hydrated crystals. The benzene rings are randomly
oriented in the monohydrate system, while those have higher periodic structure in the
dihydrate and tetrahydrate systems. In the dihydrate system, benzene rings exhibited the
“Herringbone Pattern” with two adjacent molecules of LAS as an asymmetric unit. In
tetrahydrate system, they formed another kind of periodic structure with five molecules of
LAS as an asymmetric unit. The observed many diffraction peaks in the XRD pattern (see
Figure 1.4), which do not originate from the lamellar interval and the packing period of the
alkyl chain in dihydrate and tetrahydrate crystals, may be assigned to these lateral long
period structures of benzene rings. As described above, the experimental XRD pattern
shows the best match to the XRD pattern calculated from MD trajectory in the
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monohydrate system. It implies that the in-plane orientation of the benzene ring is relatively
disordered in the LAS sample at 298 K.

Structural Change Caused by Thermally Induced Phase Transition of LAS
According to the experimental XRD pattern shown in Figure 1.3, LAS 80 wt %
aqueous slurry does not exhibit Lα phase at 358 K. In this section, we explore the possible
structural change caused by temperature by comparing the diffraction patterns calculated
from MD trajectories for each hydration level at 360 K with the experimental diffraction
pattern at 358 K. For further comparison, the diffraction patterns calculated from MD
trajectory of the tetrahydrate system at 400 K (in the Lα phase) was examined. This is
because the tetrahydrate system contains the same amount of water as designed in the
experiment (LAS/water = 80/20 (w/w)), with considering the fact that all excess water
separated from the hydrated crystal come into the inter-lamellar hydrophilic region in the Lα
phase.
Figure 1.9 shows the diffraction patterns calculated from the MD trajectories for the
monohydrate system at 360 K and the tetrahydrate system at 400 K and the experimental
diffraction patterns measured at 358 K. Since the influx of water between the lamellas was
assumed during the phase transition to the Lβ phase,

28

there was concern that the

diffraction pattern could not be reproduced by the monohydrate system. Unexpectedly, the
major diffraction peak positions (2θ = 6.72, 18.3, 19.1, 20.0, 21.0, and 21.9°) including the
small-angle peak are identical between simulated (T = 360 K) and experimental (T = 358
K) results, though a minor difference could be detected.
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Therefore, we decided that the structure of the monohydrate obtained by the MD
simulation at 360 K is the closest to the experimental structure. Table 1 shows the area per
molecule S in the x-y plane, the tilt angle of the alkyl group φ and the lamellar repeat
spacing dL for monohydrate system at 300 and 360 K and for tetrahydrate system at 400 K.
Here, φ is defined as the angle between a vector connecting C4 to C16 carbon atoms (noted
in Figure 1.1) and the bilayer normal. With increasing temperature, the tilt angle φ changed
from 48 ± 2° at 300 K to 37 ± 4° at 360 K. In contrast, the lateral position of centers of
mass of LAS molecules did not change so much during 500 ns long MD simulations at 360
K. Besides, as shown in Figure 1.10(a), the conformation of the alkyl group remained
nearly all-trans at 360 K. Thus, the tilt angle change directly leads to an increase of dL
(from 36.3 ± 0.1 to 38.9 ± 0.1 Å).
Figure 1.11 shows distributions of azimuth angle of a vector connecting C9 and C10
atoms of LAS against the bilayer normal in three lamellar systems In the Lc phase at 300 K,
almost all C-C bonds in the cross-section were aligned in the same direction which causes
the narrow distribution as shown in Figure 1.11(a). In contrast, the bonds were randomly
orientated at 360 K as shown in Figure 1.10(b). It results in wider distribution of azimuth
angle in Figure 1.11(b) than in Figure 1.11(a). The observed structure at 360 K can be
assigned to the Lβʹ phase, because LAS molecules show rotational motion around the long
axis of the tilted alkyl chain. With a transition to the Lβʹ phase, arrangement of the alkyl
chain in the cross-sectional lattice changed from the face-centered rectangular to the
hexagonal, and the Na+ exchange at the inter-lamellar layer and a decreasing the periodicity
of the hydrophilic group were observed. These changes are presumed to be the factors
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causing the disappearance of the XRD peaks observed only in the Lc phase (d = 5.0 and 3.8
Å) shown in Figure 1.3. These results suggests that the phase transition found around 350 K
in the phase diagram of Ma et al. 61 is a transition from Lc to Lβʹ phase.
On the other hand, as shown in Figure 1.9, the diffraction pattern from MD trajectory
for the tetrahydrate system at 400 K demonstrates no evident sharp peaks corresponding to
highly periodic structure found in the Lc or Lβʹ phase, while it remains showing diffraction
peak in the small angle region, which is derived from the dL, and a broad diffraction peak in
the wide angle region. Although we could not have undertaken the corresponding
experiment for the difficulty of the experimental setup in this study, the origin of diffraction
peaks changes at 400 K can be speculated according to the previous study by Mathevet et al.
75

They obtained the diffraction pattern derived from the Lα phase at 463 K, though the

system, which consisted of LAS anhydride with a guanidinium cation, was slightly
different from the present chapter. The authors described that the diffraction pattern
contains sharp diffraction peaks related to lamellar repeat spacing in small-angle region,
and a diffusive peak originated to liquid-like conformation of the alkyl chains in the wideangle. In addition, as shown in Figure 1.10(c), (d) several water molecules penetrated into
the hydrophobic region, which was encouraged with disordered alkyl groups. The liquidlike state of the alkyl chains in the Lα phase was also confirmed by broad distributions of
azimuth of C-C bond vector shown in Figure 1.11(c) as well as almost structureless radial
distribution function between C9 atoms shown in Figure 1.12. Consequently, we concluded
that the lamellar structure obtained in the tetrahydrate system at 400 K was in the Lα phase.
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The dL estimated by the MD simulation at 400 K was 37.5 ± 0.1 Å, which is smaller
than that observed in the Lβʹ phase by MD simulation at 360 K, despite a possible influx of
water into the hydrophilic regions between lamellar, or the increase of the dL caused by the
thermal expansion. The origin of the getting thin of the dL could be understood by assuming
that molecular orientation of LAS in Lα phase is disordered with their random conformation,
due to the increase of the occupied area by the existence of the permeated water molecules.
Though it is very difficult to observe reverse phase change from disordered structure
to ordered one in the cooling process from 400 K to 300 K (data not shown), this is a
general problem of MD simulation caused by limited-sampling of atomic configurations
within a finite simulation time. On the other hand, macroscopic properties of each lamellar
system, such as membrane area, its thickness, and tilt angle of LAS, converged well in 500
ns long MD simulations. So, we decided that each system reached an equilibrium state
under given conditions, and made discussions on molecular configuration for each phase.
As a conclusion, we succeeded in relating changes in molecular configuration of LAS
molecule in the hydrated crystals in the thermally induced phase transition process to the
structural change in lamellar (Lc, Lβʹ and Lα) observed in the experimental diffraction
patterns.

1.4. Conclusions
In order to determine the molecular configuration of the surfactant hydrated crystals in
the Lc phase, and to understand the structural change during thermally induced phase
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transition from the Lc to Lβʹ and Lα phases, the XRD experiment and MD simulation were
carried out for aqueous LAS systems. There were two issues to be overcome to investigate
the molecular configuration in the Lc phase. The first issue is unknown hydration number of
LAS in the Lc phase and the second is the initial arrangement of molecules. In order to
overcome these problems, we adapted crystallographic spacing of LAS obtained by the
XRD experiment as the initial guess of molecular configuration for MD simulations.
Through the relaxation process for the assumed crystal structure, molecular configurations
of the anhydrate, hemi-, mono-, di-, and tetrahydrate structures of LAS hydrated crystals
were successfully prepared. We found that molecular configuration obtained in the
monohydrate system is most suitable for the LAS hydrated crystal structure at 300 K, since
the diffraction pattern calculated from the monohydrate system well coincided with the
experimental XRD pattern. Detailed analysis on local molecular configurations in the Lc
phase revealed the periodic intervals which contribute to diffraction peaks in the observed
diffraction pattern. Further MD simulations were conducted with raising temperature from
300 K to 360 K for each hydrated system, and 400 K for tetrahydrate system, producing the
Lβʹ and liquid crystal Lα phase of LAS molecule assembly. By comparing experimental and
simulated diffraction patterns, we found that the lamellar structure of LAS 80 wt% aqueous
slurry at 358 K, which was conventionally considered to be Lα phase, is the lamellar in the
Lβʹ phase. We have firstly elucidated the relationships between the phase transitions in
lamellar of LAS hydrated crystals (Lc, Lβʹ and Lα) and local molecular configurations of
LAS molecule by combining the XRD structural analysis and all-atom MD simulation. The
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strategy we adopted in this chapter will be widely applicable for predicting molecular
structure of unknown hydrated crystals of surfactants.
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Table 1.1. Area per molecule S, the lamellar repeat spacing dL and tilt angle of the alkyl
group φ of LAS crystal
S

dL

φ

(Å )

(Å)

(°)

0 H2O

23.0 ± 0.1

41.5 ± 0.1

33 ± 4

½ H2O

26.3 ± 0.2

37.2 ± 0.1

43 ± 4

1 H2O

27.2 ± 0.1

36.3 ± 0.1

46 ± 2

2 H2O

27.6 ± 0.1

38.8 ± 0.2

45 ± 3

4 H2O

27.7 ± 0.1

41.5 ± 0.1

48 ± 2

2
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Table 1.2. Area per molecule S, the lamellar repeat spacing dL and tilt angle of the alkyl
group φ of lamellar structure of LAS for each simulation condition

S

dL

φ

(Å2)

(Å)

(°)

1H2O at 300 K (Lc)

27.2 ± 0.1

36.3 ± 0.1

46 ± 2

1H2O at 360 K (Lβʹ)

27.2 ± 0.1

38.9 ± 0.1

37 ± 4

4H2O at 400 K (Lα)

37.1 ± 0.9

37.5 ± 0.1

31 ± 17

34

Chapter 1

Figure 1.1. A chemical structure of linear alkylbenzene sulfonate (LAS).

35

Chapter 1

Figure 1.2. Schematic diagram of the cycle of structure relaxation process of initial
configuration of hydrated crystal of LAS for a MD simulation.
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Figure 1.3. The XRD patterns measured with a sample of LAS/water = 80/20 (w/w) at 298
K (black) and 358 K (red). Pronounced peaks assigned to the lamellar repeat spacing and
the packing periods of alkyl chain are indicated by arrows and d-spacing values as Å.
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Figure 1.4. The XRD patterns calculated from MD trajectories for anhydrate (red),
hemihydrate (yellow), monohydrate (green), dihydrate (cyan), and tetrahydrate (blue)
systems at 300 K. The experimental XRD pattern at 298 K (black) is also shown as a
reference. Downward black arrows indicate consistent peak positions between the
experimental and simulated (monohydrate) diffraction patterns.
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Figure 1.5. (a) Radial distribution function g(r) between sulfur atom of LAS and oxygen
atom of water in four systems with different hydration levels. Peak shape of the
monohydrate system is relatively sharp with other systems. (b) System density at each
hydration level including anhydrate.
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Figure 1.6. MD snapshot images of LAS monohydrate system focused on (a) lateral
section of alkyl chain and its packing periods in upper layer (lower layer are indicated in
orange color), (b) packing periods between the upper and the lower layer, (c) normal
section of lamellar and its interval and the head-group period. Unit cell of lateral direction
are indicated by red line in (b). The direction of cross-sectional planes in (a) and (b) were
indicated by dashed lines in (c).
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Figure 1.7. Side views of MD simulation unit cell for the (a) anhydrate, (c) hemihydrate,
(e) monohydrate, (g) dihydrate, and (i) tetrahydrate systems at 300 K, and number density
profiles of atoms for (b) anhydrate, (d) hemihydrate, (f) mono-hydrate, (h) dihydrate, and
(j) tetrahydrate systems. Difference in line colors of the number density profiles indicate
difference in atom kinds; red: aliphatic carbon, yellow: aromatic carbon, green: sulfur,
cyan: sodium, blue: oxygen of water.
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Figure 1.8. Arrangement of the benzene rings of LAS projected on the x-y plane for (a)
monohydrate, (b) dihydrate and (c) tetrahydrate systems.
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Figure 1.9. The XRD pattern obtained by the XRD experiment on a sample of LAS/water
= 80/20 (w/w) at 358 K (black), and the XRD patterns calculated from MD trajectories for
the LAS monohydrate system at 360 K and LAS tetrahydrate sytem at 400 K (red).
Downward black arrows indicate peak positions consistent between the experimental and
simulated (monohydrate) XRD patterns.
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Figure 1.10. Side views of MD simulation unit cell for (a) monohydrate system at 360 K,
and (c) tetrahydrate system at 400 K. Panels (b) and (d) draw arrangement of the alkyl
groups of C9 and C10 on the x-y plane sectioned at z = 10 Å from. z = 0 corresponds to the
center of mass of the bilayer.

44

Chapter 1

Figure 1.11. Azimuth distribution of bond vector formed by C9 and C10 atoms (a)
monohydrate at 300 K (Lc), (b) monohydrate at 360 K (Lβʹ) and (c) tetrahydrate at 360 K
(Lα).
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Figure 1.12. Radial distribution function between C9 atoms in the Lc (blue), Lβʹ (green) and
Lα (red) systems corresponded to Figure 1.11. The results of the Lβʹ and Lαwere shifted up
for make it easy to see.
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Chapter 2. Molecular Behavior of Linear Alkylbenzene
Sulfonate in Hydrated Crystal, Tilted Gel, and Liquid
Crystal Phases Studied by Molecular Dynamics
Simulation

2.1. Introduction
As discussed in Chapter 1, lamellar structures show various subphases, depending on
temperature, pressure, and hydration. 7 Generally, these subphases are classified depending
on their structure and dynamics. However, the conformation of the surfactants in these
lamellar phases is still not fully understood.
Sperline et al. investigated the conformation of sodium dodecyl sulfate (SDS) 38–40 and
sodium linear alkylbenzene sulfonate (LAS)

41,42

in the Lc phase using infrared

spectroscopy (FT-IR) and linear dichroism (LD) measurements. SDS in the Lc phase of a
monohydrate crystal has a gauche conformation at the root of the alkyl chain segment
bound to the OSO3-, whereas it has an all-trans conformation in a crystal with different
hydration numbers. SDS 39 and LAS 41 in the Lβʹ phase have alkyl groups inclined by about
45° with respect to the bilayer normal. It is supposed that the double gauche conformation
produces a uniform tilt of the alkyl chains, which may allow the surfactant molecules in the
Lβʹ phase to twist with very low translational diffusivity. A molecular dynamics (MD)
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simulation study on dipalmitoyl phosphatidylcholine (DPPC) bilayers by Tu et al. tried to
investigate a relationship between chain conformation and reorientation ability in the Lβʹ
phase. 35
It has also been reported that the gauche conformation is reduced for SDS and LAS in
the Lα phase adsorbed on an Al2O3 surface, which is attributed to the strong electrostatic
interaction between the head groups (OSO3- or SO3-) of the surfactants and the matrix
surface.

40,42

We can thus expect that a similar reduction of the gauche conformation may

occur in the bulk Lα phase with a lower hydration number through salt-bridging among the
head groups of the surfactant via counter ions. However, within our knowledge, this has not
been previously reported.
In present chapter, the structure and dynamics of LAS molecules in the Lc, Lβʹ, and Lα
phases are investigated using 1 μs long all-atomistic MD simulations. The initial
configurations of the molecules in these phases were obtained in chapter 1, which
combined X-ray diffraction measurement and MD simulation. The difference in dynamics
is investigated for the lateral translational diffusion. Conformational dynamics is also
analyzed separately for each segment of the LAS molecule, namely sulfonates, benzene
rings, and alkyl chains. The lateral diffusion is found to be rapid in the Lα phase, but
undetectably slow in the Lc and Lβʹ phases. In the Lα phase, reorientational relaxation is
found to be rapid and uniform, whereas in the Lc and Lβʹ phases, the SO3- and benzene rings
show much slower reorientational relaxation than that for the alkyl chains. A
conformational pattern analysis reveals that a high gauche fraction defined around the oddnumbered C-C bonds of the alkyl chains, is the main cause of the different conformational
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relaxations of LAS in the Lβʹ and Lα phases. The orientation of the SO3- group and benzene
ring are locked by the salt bridges among the SO3- groups and sodium (Na+) ions not only
in the Lc and Lβʹ phases, but also in the fluid Lα phase. As a result, the orientation for the CC bonds in the LAS alkyl chains is kept even in the Lα phase.
Chapter 2 is organized as follows. In Section 2.2, the MD simulations are described in
detail. In Section 2.3, the results of analyses, focusing on lateral diffusion and reorientation,
are presented. The relationship between the dynamics and conformational pattern of LAS
alkyl chains is also discussed. Finally, conclusions are given in Section 2.4.

2.2. Simulation details
Figures 1.7(e), 1.10(a) and (c) show the equilibrated structures of the Lc, Lβʹ, and Lα
phases, respectively, which were used as initial configurations in present chapter. The
lamellar structure is arranged on the x-y plane and stacked along the z-axis under threedimensional periodic boundary condition. It is composed of 200 LAS molecules, 200 water
molecules (Nh = 1 for the Lc and Lβʹ phases) or 800 water molecules (Nh = 4 for the Lα
phase), and 200 Na+ ions, where Nh is the hydration number of LAS. The three phases were
in different thermodynamic conditions: T = 300 K and P = 0.1 MPa for the Lc phase, T =
360 K and P = 0.1 MPa for the Lβʹ phase, and T = 400 K and P = 0.1 MPa for the Lα phase,
where T and P are the temperature and hydrostatic pressure, respectively. A 1 μs long MD
simulation was conducted for each system in the isothermal and isobaric conditions given
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above. The other general conditions in execution of MD simulation are same with that
described in Chapter 1.

2.3. Results and Discussion
Lateral Diffusion
The lateral self-diffusion coefficients DL for LAS, Na+, and water in the Lc, Lβʹ, and Lα
phases were calculated as

( ),

(2.1)

where MSD (t) is the two-dimensional mean squared displacement:

( )

In Eq. (2.2),

( ) and

〈( ( )

( )) 〉.

(2.2)

( ) are the lateral locations of the center of mass of SO3- , Na+, or

water on the x-y plane at times 0 and t, respectively. The collective motion of each
monolayer was subtracted from the calculated MSD. 76,77
Figure 2.1(a) shows that the calculated MSD values for SO3- and Na+ are undetectably
small throughout the 500 ns in the Lc phase. The MSD for water slightly increased with
time, but remained very small (0.51 nm2), even at t = 500 ns. Thus, LAS, Na+, and water
did not diffuse laterally in the Lc phase within the considered time scale. Figure 2.1(b)
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shows the calculated MSD values for SO3-, Na+, and water in the Lβʹ phase. The calculated
MSD values for SO3- and Na+ are still as small as the intermolecular distance between
adjacent LAS molecules (0.44 nm2), even at t = 500 ns. Lateral diffusion is very slow in
this phase, too. In contrast, Figure 2.1(c) shows that the calculated MSD values for SO3-,
Na+, and water in the Lα phase linearly increase with increasing t. The linear increase of
MSD indicates that lateral diffusion occurred.
Table 2.1 lists the DL values calculated using Eq. (2.1). In the Lc phase, the DL values
for SO3- and Na+ could not be accurately determined due to their too small DL values
because of insufficient sampling of MSD. Although there are no reported values of DL for
LAS in the Lc phase, an extremely small value of DL = 4 × 10-11 cm2/s has been reported for
DPPC bilayers at low temperature (below the transition temperature from the Lβ phase to
the Lα phase). 78 Whereas, DL for the water, (DL,water < 3 × 10-10 cm2/s) is much smaller than
that for bulk water (10-5 cm2/s) at the same temperature. This indicates that water molecules
are strongly confined in the small space between the hydrophilic surfaces of the lamellae.
For the Lβʹ phase, the DL values for SO3- and Na+, DL,sulfo and DL,sodium, also could not
be determined accurately, while the both DL values are estimated to be in the order of 10-10
cm2/s from Figure 2.1(b). DL,sulfo and DL,sodium are roughly consistent to the DL for DPPC in
the Lβ phase (< 5 × 10-10 cm2/s) determined using fluorescence recovery after
photobleaching.

79

In contrast, DL,water = 2.3 ± 0.1 × 10-9 cm2/s, which is one order of

magnitude greater than DL,sulfo and DL,sodium. This indicates that water in the Lβʹ phase has a
relatively high lateral mobility compared with those for LAS and Na+.
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For the Lα phase, DL,sulfo = 2.7 ± 0.1 × 10-7 cm2/s, which is 1000 times greater than
DL,sulfo for the Lβʹ phase and is the same order of magnitude as the value for
dioleoylphosphatidyldholine (DOPC) in the Lα phase determined by 1H pulsed field
gradient NMR diffusion measurements

80

(DL,DOPC = 2.6 × 10-7 cm2/s, T = 333 K, 30 wt%

aqueous solution). The large lateral diffusion coefficient for LAS in the Lα phase is in
accordance with the general discussion of the classification of these lamellar subphases. 28
For the Lα phase, DL,water = 6.2 ± 5 × 10-6 cm2/s, which is much larger than DL,sodium =
6.8 ± 0.2 × 10-7 cm2/s. This difference may be attributed to a weaker coulomb interaction
between water molecules and the SO3- head group compared to that between Na+ ion and
SO3-. Furthermore, the increase in the amount of highly diffusive water molecules not
directly hydrated to Na+ or SO3- may have a contribution to the high DL,water. Note that there
are four water molecules per LAS molecule in the Lα phase (Nh = 4). The number density
profile along the z-axis shown in Figures 2.2(a)–(c) indicate that almost all Na+ ions were
solvated around SO3-, while water molecules migrated over a wider z-range, penetrating
deeper into the hydrocarbon region in the Lα phase.

Reorientation of LAS
Next, conformational relaxation, which was caused by orientation around the
molecular axis in the Lc, Lβʹ, and Lα phases, was investigated for LAS molecules. The time
auto-correlation function CReorient(t) can be expressed as

( )

〈

( )
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where

is the angle between two vectors eʹijk(0) and eʹijk(t) at t = 0 and t = t, respectively.

eʹijk(0) and eʹijk(t) are projections of eijk(0) and eijk(t), respectively, onto the x-y plane, where
eijk is the unit vector that defines the orientation of each segment of LAS, namely SO3(sulfo), benzene ring (benz), alkyl group bound to the benzene ring (root), and terminal
alkyl group (term). The abbreviations in the parentheses are used in the following
discussion. We define eijk as a unit vector along the cross product of two vectors formed by
the three atomic coordinates ri, rj, and rk in each segment.
ri, rj, and rk are defined by the following three atoms for each segment: O1, S, and C1
for sulfo, C1, C3, and C5 for benz, C4, C7, and C8 for root, and C16, C17, and C18 for
term. The symbol of the atom is presented in Figure 1.1. An example of eijk is shown in
Figure 2.3 for SO3-.
Figures 2.4(a)–(d) the calculated CReorient(t). The relaxation time τ for CReorient (t) was
obtained by fitting an analytical function to CReorient (t). In most cases, CReorient (t) can be
approximated by a single exponential function, e p(-t⁄τ). For sulfo and benz, as shown in
Figures 2.4(a) and 2.4(b), respectively, two-step relaxation processes were observed.
Therefore, a double exponential function, e p(-t⁄τfast )

e p(-t⁄τslow ), was adopted as

the fitting function, for which two relaxation times, τfast and τslow , were obtained. For root
and term in the Lc and Lβʹ phases, as shown in Figures 2.4(c) and (d), respectively, CReorient
(t) converged to a constant value greater than zero. For these cases, a function of the form
e p(-t⁄τ)

,

was adopted, where τ and CReorient, were the fitting parameters. In
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1 for the double exponential function and

the fitting process, constraint conditions
,

1 for the single exponential function with an offset value were applied.

Table 2.2 lists the calculated τ and CReorient, values. For the Lc phase,

is the

fast
slow
fast
largest (τslow
ben > 20 μs; τben = 56 ± 1 ns), followed by τsulfo (τsulfo > 3 μs, τsulfo = 33 ± 1 ns).

Values of τslow greater than 1 μs indicate that the conformations of SO3- and benzene ring
only slightly relaxed from their initial configuration in the Lc phase during the 1 μs long
MD simulation.
than

and

and

(18 ± 1 and 8.6 ± 0.3 ps, respectively) are much smaller

. These τ values, in the order of picoseconds, indicate that the LAS

alkyl chain relaxed to its equilibrium conformation even in the Lc phase, even though
surfactant molecules in the Lc phase are generally considered not to exhibit reorientation.
28,38

The observed reorientational relaxation in the present MD simulations is related to

gauche defects in the crystal structure, as discussed in detail in the following subsection.
slow
For the Lβʹ phase, τslow
sulfo = 690 ± 10 ns and τben > 2 μs are shorter than that for the Lc

phase. τroot = 15 ± 1 ps and τterm = 5.1 ± 0.2 ps, which are remarkably shorter than τsulfo and
τben and whose magnitude is similar to that for the Lc phase. In general, it is believed that
reorientation around the molecular axis of linear surfactants occurs in the Lβʹ phase.
However, the estimated τ values in our MD simulations indicate that reorientation occurs at
only the alkyl chains in the Lβʹ phase.
For the fluid Lα phase, the relaxation time is within 5 ns for most segments of LAS:
slow
τslow
sulfo = 1.2 ± 0.1 ns, τben = 3.9 ± 0.1 ns, τroot = 18 ± 1 ps, and τterm = 3.1 ± 0.2 ps. These

short τ values, with large DL,sulfo for the Lα phase, illustrate that not only lateral diffusion
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but also intra-molecular conformational changes occur frequently in the Lα phase, as
observed for the lipid bilayers in the Lα phase.
slow
τslow
sulfo and τben showing remarkably large values in the Lc and Lβʹ phases can be

explained as follows. Figure 2.5(a) shows the radial distribution function between the Na+
and the oxygen atom of SO3-, gO-Na (r). The first peak of gO-Na (r) is very sharp and higher
than 30 for three lamellar systems. Thus, the reorientation of the SO3- group can be
assumed to be restricted by salt-bridging among the SO3- groups via Na+ ions. This can
make τslow
sulfo large. As shown in Figure 2.6, salt bridges are found everywhere in the interlamellae space in the Lc and Lβʹ phases (Nh = 1). They are also observed in the Lα phase
because of the low hydration number (Nh = 4).
For the Lc and Lβʹ phases, as shown in Figure 2.5(b), the first peak of the radial
distribution function between the centers of mass of the benzene rings, gB

-B

(r), is which

is shorter than the width of the benzene ring on the x-y plane (6.0 Å). This means that some
adjacent benzene rings are located at intervals shorter than the benzene ring width.
Therefore, reorientation of the benzene rings should be significantly inhibited by the
excluded volume of the adjacent benzene rings in the Lc and Lβʹ phases, which corresponds
to a large τslow
ben value. In contrast, the first peak of gB

-B

(r)for the Lα phase is lower and

broader, indicating that the reorientation is allowed without strong steric hindrance.

Conformation of Alkyl Chain
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As discussed above, the reorientation of the alkyl chain of LAS, which occurred
independently of the head group, was observed for the Lc and Lβʹ phases, although lateral
translational diffusion hardly occurred, leading to a very small DL. With the center of mass
of LAS molecules almost fixed, the reorientation must occur in a restricted space. To
clarify this mechanism, first the gauche fraction was evaluated as a function of C-C bond
position in the alkyl chain. Then, the conformational pattern analysis proposed by Tu et al.
35

was performed to determine which conformation was primarily responsible for the

reorientation.
Figure 2.7(a) shows the numbering of the C-C bonds adopted here. “B0” is defined to
be the C7-C8 bond corresponding to α-β carbons of the alkyl group bound to the benzene
ring. “B1” and “B2” are C8-C9 and C9-C10 bonds, respectively, followed by “B3” and the
others. In total, ten C-C bonds were investigated in the conformational pattern analysis.
Three conformers (gauche+ (g+), trans (t), and gauche- (g-)) are defined for each C-C
bond with the classification shown in Eq. (2.4).

.

(2.4)

Figure 2.7(b) shows the calculated fraction of each conformation along the C-C bond.
The gauche fraction, which is the sum of g+ and g-, increased in the order Lα, Lβʹ, and Lc.
The fraction qualitatively corresponds to the calculated CReorient,

,root

and CReorient,

,term

values in the previous section. Note that a small gauche fraction corresponds to a high CT, ,
which reflects a residual orientational order of the alkyl chain. The gauche fractions for the
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odd numbered C-C bonds (B1, B3, B5, and B7) were significantly larger than those for the
even numbered C-C bonds (B0, B2, B4, B6, and B8) in the Lc and Lβʹ phases. This oddeven effect was also observed for the fluid Lα phase.
The odd-even effect in the alkyl chain conformation has been confirmed by nuclear
magnetic resonance for DPPC bilayers in the Lα phase, 81 and by FT-IR for several kinds of
phospholipid bilayer in the Lα phase and liquid n-alkanes.
analysis

35

82

A conformational pattern

showed that only the conformations such as kink and jog, which give rise to the

odd-even effect, do not show a bend along the chain.

81

We discuss the relationship

between the odd-even effect and the conformational patterns by investigating the ratio of
particular conformational patterns for each lamellar phase.
Figure 2.8 shows 11 kinds of representative conformational pattern of the alkyl chain
that do not show a significant bend of the chain. Gauche fraction with respect to the oddnumbered bonds from B1 to B7 can be analyzed for these possible conformational patterns.
The labels of the conformational patterns in Figure 2.8 are based on the numbers of g+ and
g- conformations,81 where “0g” represents the zero gauche conformation (all-trans), “1g”
represents the one gauche conformation, “2g1 kink” represents a pair of g+ and g- (or gand g+) conformations in adjacent odd-numbered C-C bonds, and so on. However, with
this notation, the gauche position is arbitrary.
Table 2.3 shows the calculated probability distribution for each conformational pattern.
The values in parentheses are partial contributions from the gauche conformation of the B1
bond, and the values without parentheses are the total contributions from B1 to B7. It is
clear that the 0g pattern is dominant (about 72 %) for the Lc phase. The remaining is mostly
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the 1g and 2g1 kink patterns. For the Lβʹ phase, the 0g pattern is most significant (about
37%), followed by the 1g and 2g1 kink patterns. For the Lα phase, the 0g pattern is no
longer dominant but considerable (4% or less). The combined 1g and 2g1 kink patterns
represent 15%, with various kinds of conformational pattern making up the rest.
Conventionally, it is believed that the Lc phase is composed of only the 0g pattern.
This is inconsistent with the present simulations, where non-0g patterns account for 18% of
patterns for the Lc phase (Table 2.3). However, a detailed FT-IR and LD study reported that
there are gauche defects at the root of alkyl chains of SDS in the monohydrate crystal (the
Lc phase).38 The 1g and 2g1 kink patterns found in the Lc phase of LAS in this chapter are
consistent with these experimental observations.

Origin of Odd-even Effect
In the following, we discuss the conformational patterns in which the B1 bond is
involved. The results are presented in Table 2.3. The high gauche fraction at the oddnumbered bonds in Figure 2.7(b) can be explained as follows. For the Lc phase, the value of
15% for the gauche conformation at the B1 bond corresponds to the total probability of
finding a gauche conformation at the B1 bond (14.6%, a summation over the values in
parentheses in Table 2.3). Particularly, the 1g and 2gl kink patterns are the main
conformations (12.9%) for the gauche defects. For the Lβʹ phase, the value of 32% for the
gauche conformation at the B1 bond does not correspond to the total probabilities of the
patterns with a gauche conformation at the B1 bond (20.3%). This 12% difference is
accounted for by conformational patterns other than the 11 major patterns in Figure 2.8,
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possibly gauche conformations in the even-numbered C-C bonds. Thus, the odd-even
behavior of the gauche fraction for the Lc and Lβʹ phases can be related to the ratio of the
major conformational patterns of the LAS alkyl chains shown in Table 2.3. For the Lα
phase, the high gauche probability at the B1 bond cannot be explained by the 11 major
conformational patterns, since they are mainly from random conformations at high
temperatures.
The gauche fraction at other odd-numbered bonds can also be interpreted by the
probability of each conformational pattern listed in Table 2.4. For example, for the B3 bond,
the total gauche probability summed over the 11 major conformational patterns is 4.8% for
the Lc phase which correspond well to the gauche fractions at the B3 bond, 4.8% given in
Figure 2.7(b).
The odd-even effect in the gauche fraction along the alkyl chain was also observed for
the Lα phase, as shown in Figure 2.7(b). This is due to the restricted orientation of particular
C-C bonds of the alkyl chain in the Lα phase. Figure 2.9 shows that the SO3- and oddnumbered C-C bonds tend to be oriented along the bilayer normal with higher order than
that of the even-numbered C-C bonds. The low order of the even-numbered C-C bonds is
caused by the connection to the odd-numbered ones via sp3 carbon with a bend angle of
109.5°. The even-numbered C-C bonds are thus inclined to the bilayer normal. However,
the tilted orientation of alkyl chains hinders such structure sterically in the lamellar. The
structure should bend again at the next odd-numbered bond with the gauche conformation,
restoring an orientation that is nearly parallel to the bilayer normal. This mechanism repeats
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to the tail ends and gives the odd-even effect for the gauche fraction, as shown in Figure
2.7(b).
Parallel orientation to the z-axis found for the odd-numbered C-C bonds could be
explained by the salt bridge between SO3- and Na+, as discussed above for Figure 2.5(a).
The extremely small amount of water between lamellae also causes salt bridges that extend
to the whole space of the inter-lamellae layers (see Figure 2.6). These salt-bridged SO3groups are forced to be oriented parallel to the z-axis, resulting in higher ordered C-C bonds
bound to the benzene ring. The odd-even effect following this mechanism partially occurs
even in the Lα phase because of its small hydration number (Nh = 4) compared with that for
phospholipid bilayers in the Lα phase (Nh = 20 or more).
Conformational patterns also explain why relaxation of the reorientation can occur in the
tilted alkyl tails in the Lc and Lβʹ phases. As shown in Figure 2.8, the direction of the tilt of
the terminal alkyl group in the 1g and 2g1 kink patterns is the same as that found in the 0g
pattern. Therefore, it is possible to change the pattern from 0g to 1g or 2g1 kink by
reorientation without changing the direction of the alkyl group. This is the mechanism by
which conformational relaxation of alkyl groups can occur even in the Lc and Lβʹ phases. It
is also inferred that these conformations in the Lc and Lβʹ phases greatly contribute to the
lamellar structure by keeping the direction of the alkyl chain unchanged.

2.4. Conclusions
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The lamellar structure produced by linear surfactants exhibits several subphases, such
as Lc, Lβ, Lβʹ, and Lα phases depending on temperature, pressure, and hydration. In this
chapter, 1 μs long MD simulations were performed for the lamellar structure of sodium
LAS in the Lc, Lβʹ, and Lα phases to clarify the dynamics of LAS molecules in these phases.
Lateral diffusion was observed only in the Lα phase. The lateral self-diffusion coefficient
was on the same order of magnitude as that found for phospholipid bilayers in the Lα phase.
In the Lc and Lβʹ phases, the conformation of LAS molecules is relaxed by the
reorientational motion of the segments, namely SO3- group, benzene ring, and flexible alkyl
chain, with different time constants. For all three phases (Lc, Lβʹ, and Lα), a significant oddeven effect was observed in the gauche conformation fraction along the alkyl chain of LAS.
The conformational pattern analysis revealed that the odd-even effect results from
particular conformational patterns. The high order of C-C bond orientation at the oddnumbered bonds is caused by the salt bridges between the SO3- group and Na+ ions, and
sometimes spreads over the inter-lamellae space under a low hydration level. Furthermore,
it was found that the transition of conformational patterns from 0g to 1g or 2g1 kink allows
the alkyl group to relax by reorientation, even in the Lc and Lβʹ phases. The conformational
degree of freedom greatly contributes to the lamellar structure by keeping the direction of
the alkyl chain.
The findings in this chapter are applicable to the discussion of the microscopic states
of molecules in the lamellar structure of other LAS isomers.
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Table 2.1. Calculated DL values for sulfonate (SO3-), sodium ion (Na+), and water (units:
10-7 cm2/s).

DL,sulfo

DL,sodium

DL,water

Lc

-

-

< 0.003

Lβʹ

< 0.002

< 0.002

0.023±0.001

Lα

2.7±0.1

6.8±0.2

62±5
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Table 2.2. Calculated τ and CReorient,

∞

for SO3- (sulfo), benzene ring (benz), aliphatic

carbon bonded to benzene (root), and terminal aliphatic carbon (term) in LAS molecules.
Two relaxation times for sulfonate and benzene ring were observed, as shown in the table
(upper: τfast and lower: τslow ).

Lc

Lβʹ

Lα

(ps)

(ps)

3.3±0.1 × 104

5.6±0.1×104

> 3 × 10

6

(ps)

CReorient,∞,root

(ps)

CReorient,∞,term

18±1

0.78±0.01

8.6±0.3

0.3±0.1

15±1

0.61±0.01

5.1±0.2

0.04±0.01

18±1

0

3.1±0.2

0

7

> 2 × 10

3.3±0,1×104

5.0±0.1×104

6.9±0.1×105

> 2 × 106

1.4±0.1×102

3.7±0.1×102

1.2±0.1×103

3.9±0.1×103
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Table 2.3. Calculated probability distribution for conformational patterns of alkyl chain of
LAS in three lamellar phases. The values in parentheses are partial contributions from the
gauche conformation of the B1 bond, and the values without parentheses are the total
contributions from B1 to B7 bonds.

Lc

Lβʹ

Lα

3g2
kink

4g3
kink

2g2
jog

2g3
jog

3g
kink
jog

3g2

3g3

4g3

0g

1g

2g1
kink

71.9

14.0

4.1

0.4

0.2

0.3

0.5

0.5

0.1

0

0

(-)

(10.9)

(2.0)

(0.3)

(0.2)

(0.1)

(0.5)

(0.5)

(0.1)

(0)

(0)

36.6

20.9

7.9

1.6

0.6

1.3

1.5

1.7

0.7

0.5

0.2

(-)

(10.9)

(3.1)

(0.9)

(0.6)

(0.7)

(1.5)

(0.5)

(0.3)

(0.5)

(0.2)

3.6

11.4

3.6

1.1

0.2

2.3

1.1

1.0

1.2

1.0

0.3

(-)

(3.5)

(1.4)

(0.7)

(0.2)

(1.3)

(1.1)

(1.0)

(0.7)

(1.0)

(0.3)
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Table 2.4. Calculated probability distribution of conformation patterns for alkyl chain of
LAS which contribute to the gauche conformation in the B3 (upper), B5 (middle) and B7
bonds (lower) in the Lc, Lβʹ and Lα phases.

Lc

Lβʹ

Lα

0g

1g

2g1
kink

3g2
kink

4g3
kink

2g2
jog

3g
kink
jog

3g2

2g3
jog

3g3

4g3

-

0.4

3.0

0.3

0.2

1.3

0.2

0.1

-

0

0

-

0.2

4.1

0.4

0.2

1.2

0.3

0.1

-

0

0

-

2.6

2.1

0.2

0.2

1.3

0.5

0

0

0

0

-

1.1

5.2

0.9

0.6

0.6

0.8

0.7

-

0.2

0.2

-

1.4

7.9

1.6

0.6

0.7

0.9

0.7

-

0.2

0.2

-

7.5

4.8

0.7

0.6

0.6

1.7

0.3

1.5

0.5

0.2

-

2.8

2.6

0.7

0.2

1.0

0.5

1.2

-

0.5

0.3

-

2.6

3.6

1.1

0.2

1.3

0.5

1.2

-

0.5

0.3

-

2.6

2.2

0.4

0.2

1.0

1.0

0.5

1.1

1.0

0.3
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Figure 2.1. Lateral mean square displacement (MSD) of H2O, Na+ and SO3- groups in (a)
Lc, (b) Lβʹ and (c) Lα phase.
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Figure 2.2. Number density profiles along the z-axis for each segment of LAS, Na+, and
water in (a) Lc, (b) Lβʹ, and (c) Lα phase which correspond to Figure 1.7(e), Figures 1.10(a)
and (c), respectively.
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Figure 2.3. Definition of eijk and θ (t) in the autocorrelation function CReorient (t) for SO3-.
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Figure 2.4. Calculated reorientation autocorrelation function CReorient (t) of each part of the
LAS molecule. (a) SO3- group: sulfo, (b) benzene ring: benz, (c) the alkyl group near the
benzene ring: root and (d) terminal of alkyl chain: term. Fitting lines are indicated by red
dashed lines. Insets on the panels (c) and (d) are zoomed images of CReorient (t) in the first 10
ns period.
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Figure 2.5. Calculated radial distribution function (a) between the sulfonate oxygen and
Na+, gO-Na+(r), and (b) between the centers of mass of the benzene ring, gBz-Bz(r), in the Lc,
Lβʹ, and Lα phases. Dashed line indicates g(r) = 1.
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Figure 2.6. Captured images of lamellar structures of LAS at the inter-lamellae region in
the (a) Lc (Nh = 1), (b) Lβʹ (Nh = 1) and (c) Lα phase (Nh = 4). Blue spheres represent sodium
ions, most of which form salt-bridges with SO3- groups (bars in yellow: sulfur, and red:
oxygen). Cyan-colored bars are carbons in LAS, while hydrogen atoms in LAS and water
molecules are not shown.
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Figure 2.7. (a) Labels of CC covalent bonds used in the conformational analyses, and (b)
calculated gauche fraction as a function of the position of C-C bond in the alkyl chain in
the Lc, Lβʹ, and Lα phases.
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Figure 2.8. Two-dimensional chemical structure of the 11 major conformational patterns of
LAS alkyl chains.
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Figure 2.9. Order parameters

〉 of S-C1 bond in the SO3- group and

〈

each C-C bond in the alkyl chain of LAS, where θ is the angle between the bond and the
bilayer normal (the z axis). Calculated S for the S-C1 bond and the odd-numbered C-C
bonds near the benzene ring showed a value close to 1 in each phase. In the Lc and Lβʹ
phases, calculated S are negative for the all even-numbered C-C bonds, while only the first
two even-numbered C-C bonds (B0, B2) are negative in the Lα phase.
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Chapter 3. Molecular dynamics study of solubilization of
cyclohexane, benzene, and phenol into mixed micelles
composed of sodium dodecyl sulfate and octaethylene
glycol monododecyl ether

3.1. Introduction
Solubilization, an important property of micelles,8–10 is applied in a variety of fields,
including cleaning,6,83 cosmetics,84,85 pharmaceuticals,86,87 and oil recovery in oil fields.88 In
these applications, multiple surfactants are commonly used. In particular, in cleaning and
cosmetics, it is common to use a combination of multiple surfactants to obtain the desired
lathering and texture.11,89,90 The surfactants form a mixed micelle in solution.
The mixing of surfactants affects the physical properties of micelles. For example,
sodium dodecyl sulfate (SDS), which is widely used as a detergent, is often mixed with
octaethylene glycol monododecyl ether (C12E8) to reduce skin irritation. The mixing of a
small amount of C12E8 into SDS greatly reduces the critical micelle concentration.8,11
Furthermore, it has been reported that solubilization is also affected by mixing
surfactants.45,46 The effects are due to the molecular-level interaction between micelles and
solute molecules. However, little is known about the microscopic effects of the mixing of
surfactants on the solubilization.
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Molecular dynamics (MD) simulations can be used to clarify the influence of mixing
of the surfactants on solubilization from a microscopic viewpoint. Many studies have
applied MD simulations to investigate solubilization.47–51 However, few of them considered
mixed micelles, possibly because there are few experimental data on their aggregation
number and composition.
In this chapter, we investigate a mixed micelle composed of SDS and C12E8 (see
Figure 3.1), for which the aggregation number is known from experiments. We carried out
MD simulations to examine solubilization for various SDS/C12E8 compositions. From the
MD simulations for each composition, the corresponding equilibrium micelle structure was
obtained. Then, the free energy profile, ΔG(r), for the solubilization of solute molecules
from the bulk water phase into the micelle center was calculated using the thermodynamics
integration method based on MD simulations. To focus on the relationship between the
molecular interactions and solubilization of solute molecules, the cyclic compounds,
cyclohexane, benzene, and phenol, which commonly consist of six carbons (C6) and have
similar molecular si e but different polarity, were e amined. Based on ΔG(r), we discuss
the relationship between the solubilization of the solute molecules and the mixing state of
the surfactant molecules.
The rest of this chapter is organized as follows. In section 3.2, the MD simulations are
described in detail. In section 3.3, the equilibrium structure of the mixed micelles of
SDS/C12E8, the ΔG(r) for the solubilization of the C6 cyclic compounds into the mixed
micelle, and the relationship between the micelle structure and ΔG(r) are discussed. Finally,
in section 3.4, a conclusion of this chapter is presented.
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3.2. Simulation details
In this chapter, we conducted MD simulations for the mixed micelle solution with the
compositions of SDS/C12E8 = 100/0, 80/20, 60/40, 40/60, 20/80, and 0/100 (mol/mol), and
then carried out simulations for the mixed micelle solution in which cyclohexane, benzene,
and phenol molecules were to be solubilized.
For the first MD simulation, the aggregation number of the mixed micelles was taken
to be that determined experimentally using the time-resolved fluorescence quenching
technique.91 Although the aggregation number of the mixed micelles is available as a
function of experimentally prepared composition, there is no information about the
microscopic SDS/C12E8 composition in the micelles. Here, it is assumed that the mixing
ratios of these two are the same.
The dodecyl sulfate (DS) ions of SDS and C12E8 molecules were randomly placed
such that the end of the hydrophobic group and the hydrophilic group were oriented toward
the inside and outside of the micelle, respectively. The numbers of DS ions and C 12E8
molecules in the six mixed micelles satisfied the respective compositions (Table 3.1). The
micelle was placed at the center of a cubic cell with a side length of 120 Å, and 50,000
water molecules were placed in the remaining part of the cell. Na+ ions, whose number was
the same as that of DS ions, were randomly placed in the bulk water phase. Ten initial
configurations were prepared independently for each composition, thus, for a total of 60
configurations. Energy minimization was first carried out using the steepest descent
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method62 for each initial configuration. NVT ensemble MD simulation at temperature T =
300 K was performed for 20 ps, and NPT ensemble MD simulation at T = 300 K and
pressure P = 0.1 MPa was performed for 1 ns to equilibrate the structure of the micelles and
the distribution of ions and water molecules. Then, NPT ensemble MD simulation at T =
300 K and P = 0.1 MPa was performed for 10 ns for each micelle without solute as a
production run.
For the solubilization MD simulation, cyclohexane, benzene, and phenol molecules
were introduced into each of the micellar solutions prepared in the first simulation. There,
one cyclohexane, benzene, or phenol molecule was inserted near the centers of mass of the
micelle. The solute molecule was moved from the micelle center of mass to the bulk water
phase at a constant rate of 10 Å/ns. The coordinates at which the solute was placed were
obtained for distances of 1, 5, 10, 15, 20, 25, 30, 35, 40, 45, and 50 Å from the centers of
mass of the micelle. We performed 1 ns for cyclohexane and benzene and for 10 ns for
phenol in NPT ensemble MD simulations. In these MD simulations, the average force92

( )

(∑

( )

∑

( ))

,

(3.1)

was evaluated while constraining the distance r between the centers of mass of the micelle
and the solute molecule using the SHAKE/RATTLE algorithm.93 Here, Fi(r) is the force
acting on atom i, M is the mass, and N is the number of atoms. The subscripts m and s
attached to M and N indicate micelle and solute molecules, respectively. u is a unit vector
orienting toward the solute center of mass from the micelle center of mass. For solute
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molecules moving from the bulk water phase to the micelle center of mass, the free energy
profile94 as a function of r can be evaluated as

( )

∫ 〈 ( )〉

,

(3.2)

where reference point r = r0 is set in the bulk water phase. 〈 〉 represents an ensemble
average. The TIP4P model was used as the water model.66 CHARMM35r95 was adopted for
the force field of the polyoxyethylene (POE) group of C12E8, and CHARMM3696 was used
for those of other components. Other general MD conditions are same of previous chapters.
Packmol97 was used to construct the micelle structure. The MD simulation package
GROMACS-5.0.4 was used.70

3.3. Results and Discussion
In this section, we discuss the relationship between the micelle structural change
caused by a composition change of the mixed micelle and the solubilization of the solute
molecules into the micelle.

Structure of mixed micelle
Figure 3.2 shows the radial density profiles ρ(r) of the hydrophilic and hydrophobic
groups of DS ions and C12E8 molecules, Na+ ions, and water molecules in the mixed
micellar solution for six compositions. As clearly shown in the figure, the distributions
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change considerably depending on the composition, indicating that the micelle structure
formed by hydrophobic groups and hydrophilic ones changes significantly. From the figure,
we can also find that distribution of the hydrophobic and hydrophilic groups shifts to
greater r with increasing C12E8 fraction. This is consistent with the increase in the amount
of long C12E8 molecules as well as the change of the micellar size given in Table 3.1.

Hydrophilic group
Here, we focus on the distribution width of ρ(r) for the hydrophilic POE group of
C12E8. For SDS/C12E8 = 80/20 and 60/40 (i.e., low C12E8 content), the full width at half
maximum of ρ(r) for the hydrophilic group was 6.2 and 7.5 Å, respectively. These values
are only 52% and 63% of that (11.9 Å) for SDS/C12E8 = 0/100, and are close to that for the
sulfate group of SDS (5.3 Å) (Figures. 3.2(b)–(f)). The mechanism that produces this
compact structure of the POE group is discussed below.
Rosen and Kunjappu reported that, in a mixed micelle of SDS and C12Em, there are
strong attractive interactions between the different surfactant molecules in the micelle.8 It
was also pointed out that the POE group in C12Em becomes positively charged by forming a
complex with the Na+ ion, and that electrostatic attraction is generated between this
complex and the hydrophilic group of the counter anionic surfactant.
From the atomic trajectories obtained in our MD simulations, given in Figure 3.3(a), it
was observed that the POE group captures a Na+ ion in solution and wraps around it to
form a crown-ether-like complex. Furthermore, it was also observed that the POE group
retained the Na+ ion for several nanoseconds and then released it, changing to a
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conformation similar to the extended chain shown in Figure 3.3(b). Figure 3.3(c) shows the
calculated radius of gyration, RG, of a typical single POE group (black line) when it
captures a Na+ ion and RG of other 29 POE groups (gray lines) in the system. The black line
clearly shows that RG was about 4 Å when the POE captures a Na+ ion and it increased to
about 7 Å after the release of the Na+ ion. Our MD calculations were thus able to clarify the
structure suggested by experiments. Note that the gray lines show that they cover their full
fluctuations (average and standard deviation of RG over all the POE groups were RG,avg =
5.1 Å and RG,std = 0.7 Å, respectively). This indicates that our statistics is enough to
evaluate free energy of solubilization.
To analyze this quantitatively, C12E8 in which three or more oxygen atoms of the POE
group simultaneously exist at a distance of 4 Å or less from a Na+ ion
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was regarded as

the molecule that captured a Na+ ion. Figures 3.4(a) and (b) show the number of such C12E8
molecules and the ratio of such C12E8 molecules to the total number of C12E8 molecules,
respectively. The POE group that captures the Na+ ion was observed for all compositions
except for pure SDS and C12E8 micelles. In mixed micelles with SDS/C12E8 = 80/20 or
60/40, a large number of Na+ ions were attached to the POE groups, i.e., 50% and 45% of
C12E8 molecules captured Na+ ions, respectively. The tendency to form the complex was
particularly strong when SDS content was high. Thus, the radial density distribution of the
POE group narrowed in the mixed micelle with high SDS content because the POE group
captured a Na+ ion to form a complex, becoming compact.
Furthermore, the interaction between C12E8 molecules and DS ions in the micelle was
investigated using the radial distribution function g(r) for the oxygen atom of the sulfate
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group, Os, the oxygen atom of the POE group, Op, and the Na+ ion. The results are
presented in Figure 3.5(a) together with a schematic drawing in Figure 3.5(b) for the
bridging geometry between hydrophilic POE and sulfate groups by the Na+ ion, which is
inferred from the radial distribution functions as discussed below. The first peak positions
of gOs-Na(r) and gOp-Na(r) are both at about 2.2 Å, representing direct bindings of the oxygen
atoms to the Na+ ion. They are close to the sum of the atomic radius of O and the ionic
radius of Na+. The second peak of gOs-Na(r) found at 4.4 Å represents a still high correlation
between the Na+ ion and other three sulfate oxygen atoms covalently bonded to the sulfur
atom as shown schematically in Figure 3.5(b). Further, with respect to gOs-Op(r)
representing the correlation between oxygen atom of the sulfate group and oxygen atom of
the POE group, a small and broad but clear distribution is observed at around 3.0 Å. Since
the two oxygen atoms have charges of the like sign, repulsive forces should act between
them. However, the distance between them is very short. This corresponds to the case
where the two oxygen atoms are strongly bound to the central Na+ ion as shown above.
Oxygen atoms in the folded POE group (Op) surround a Na+ ion as shown in Figure 3.3(a).
Then, the oxygen of sulfate group (Os) is located such that the angle formed by Op-Na+ and
Os-Na+ vectors is approximately 90° since a small peak of gOsOp(r) is found at 3.1 Å (= 2.2
Å × √2) as shown in Figure 3.5(b). Further, the second correlation is found at around 4.5
Å. This may also be explained to be an indirect correlation between the two oxygen atoms
via the Na+ ion and the covalent bonds in the sulfate group. The Na+ ion, thus, bridges the
two hydrophilic groups by its strong coulomb interactions.
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Hydrophobic core
SDS and C12E8 have the same hydrophobic dodecyl group, which forms the
hydrophobic core of the micelle. However, as shown in Figure 3.2, in the mixed micelle,
the hydrophobic group of SDS is distributed outside the C12E8 alkyl group in the micelle
core. This is considered to be related to the bridging between the Op and Os atoms by a Na+
ion discussed above. As shown in Figure 3.5(c), the trapping of the Na+ ion by the POE
group can occur anywhere in the POE group irrespective of the conformation of the POE,
that is, whether the POE is folded or extended. Then, the Na+ ion can be bound to the Op
atom in the vicinity of the alkyl group and near the terminal hydroxyl group. If the capture
of Na+ ions occurs near the end hydroxyl group, this site will interact strongly with the Os
atom. On the other hand, when the POE has an unfolded conformation, the hydrophobic
groups of C12E8 will be distributed more inward toward the micelle center compared to the
hydrophobic group of SDS. This may be explained as follows. As shown in Figure 3.5(c), if
Os atom is bound to any Op atoms in a C12E8 via Na+ ion, the hydrophobic core of SDS
should be located outer than that of the C12E8 in the mixed micelles. Furthermore, since the
sulfate anion of SDS is more hydrophilic than POE group of C12E8
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, it should be

located outer than that of C12E8. In fact, top of the peak of the number density profile for
sulfate group and Na+ ion is located at outer positions than that of POE groups as shown in
Figure 3.6 (e.g. in SDS/C12E8 = 80/20, rsulfate
= 19.6 Å and rPO
ma
ma = 17.5 Å). Thus, it was
found that the interaction between SDS and C12E8 through Na+ ions causes the radial
distribution of the surfactants within the micelle to become heterogeneous.
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Free energy profiles ΔG(r) of solute molecules
In the previous subsection, it was revealed that a mixing of the surfactants changes the
structure of the hydrophilic group of the micelle and the radial density distribution of the
hydrophobic group. Now, it is interesting to discuss about the change in solubilization
ability caused by this structural change.

Validity of free energy profile calculation
Figure 3.7 shows the free energy profile, ΔG(r), of a solute molecule transferred from
the bulk water phase to the micelle center of mass. Structural relaxation of POE group is
slow taking a few nanoseconds, attributed to its slow conformational change. However,
statistical sampling for ΔG(r) is sufficient by taking an average over many surfactant
molecules involved in the micelles. As clearly shown in Figure 3.8, trajectory of a solute
molecule, for example, at r = 20 Å where the highest number density of POE group is
found for SDS/C12E8 = 60/40, covers entire spherical shell, which indicates that the solute
molecule fully experiences micellar environment produced by the surfactant molecules.
Further, the force was averaged over ten independent 10 ns-long trajectories starting from
ten different initial configurations. First, the simulation results are compared with those
reported in previous studies. For ben ene, ΔG(r) at the center of an SDS micelle was
reported by Ingram et al. to be −16 kJ/mol,58 and by Matubayasi et al. to be −21 kJ/mol, 54
which is in fair agreement with the value for the SDS micelles obtained here (−10±9
kJ/mol). For the solubilization of cyclohexane into SDS micelles, the calculated free energy
of transfer from the bulk water to the micelle in Figure 3.7(a) was −22±10 kJ/mol. This is
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in good agreement with the value ΔG

−20 kJ/mol we previously obtained for n-hexane

with the same carbon number.49 These results indicate that the free energy calculation
performed here is valid. ΔG(r) decreased almost monotonically for these two solutes.
However, Mondal et al. reported that benzene solubilized into SDS is not located at the
center of the micelle.
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The difference comes from Jacobian of the polar coordinate, 4r2.

Our distribution function is normalized by the volume of spherical shell, i.e. the density
distribution, while the distribution function by Mondai et al. is not normalized, i.e. the
number distribution. When we take 4r2 into account, a peak is found at r = 25 Å as shown
in Figure 3.9. Thus, there is no contradiction between our result and that by Mondal et al.
Further, excess free energy, ΔG(r), of benzene into SDS micelle reported by Matubayashi
et al. 54 shows plateau in the hydrophobic region, which is consistent with the present study.

Stable binding site of solute molecules to mixed micelle
ΔG(r) values for cyclohexane and benzene show a decreasing tendency with
decreasing r. This means that these molecules are more stable when transferred to the
center of the micelle core. In contrast, for phenol, a minimum values, ΔGmin was observed
in the vicinity of the boundary between the hydrophobic core and the hydrophilic shell, and
ΔG(r) significantly increased with decreasing r in the micelle core. It has been reported that
phenol is well absorbed by SDS micelles.

101

However, location of the phenol molecule is

not necessarily at the center of the micelles. It can be adsorption at micellar surface with so
called palisade layer structure. In fact, our G function for phenol shows its minimum at
the surface.
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We have also calculated the radial density distribution, f(r) = exp(-∆G(r)/RT), of
phenol and methanol molecules in pure SDS micelle, the latter is from Fujimoto et al.

102

The results are shown in Figure 3.10. The f(r) of phenol shows maximum values at the
boundary between hydrophilic and hydrophobic regions (i.e., palisade layer), and it
distributes more on the surface of the micelle than methanol. Recent studies also showed
that the phenol in the hydrocarbon region of the micelles
104
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and of phospholipid bilayers

is unstable, while the most favorable site is the boundary between the hydrophilic and

hydrophobic regions for Triton X-100 micelles.
Thus, there is no contradiction between our present results and other experimental and
computational studies. Further, in our previous research, for the solubilization of
amphiphilic molecules with polar groups such as long-chain alcohol and amine, the
minimum ΔG(r) was also observed at the palisade layer, that is, at the boundary between
the hydrophilic and hydrophobic groups of the micelles.102 These are based on the same
mechanism as that of the present case.
On the other hand, as shown in Figures 3.7(a) and (b), a small barrier is observed at
around 30 Å from micelle center for ΔG(r) of phenol in SDS rich micelle. Contribution
from the surfactant and water to ΔG(r) has been analyzed by Date et al.,
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though the

barrier was not found in their calculation. According to their study, the dominant factor of
the increase of ΔG(r) at micelle-water interface is water. A repulsive interaction increases
more quickly than that of attractive one at the micelle-water interface when phenol is
transferred from the hydrophobic region to the bulk water. They discussed that excluded
volume effect which is the largest contribution of repulsive interaction can be found only
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for water molecules near phenol, while attractive interactions between water and phenol
are found at relatively long distance. Further, a very small barrier was found for the
contribution from Na+. Thus, the barrier observed in the present study may be attributed to
the contributions from water and Na+ ion.

Surfactant composition dependence of ΔG(r)
The stable distance r that gives the minimum ΔG(r) for phenol changes with surfactant
composition. For the pure SDS micelle, the stable distance r = 15 Å. As the C12E8 content
increases, the stable distance gradually increases; for the pure C12E8 micelle, the stable
distance r = 20 Å. This is due to a shift of the palisade layer to a larger r value with
increasing micelle radius.
Figure 3.11 plots the value of ΔG(r) near the center of the micelle (r = 1.0 Å) where
cyclohe ane and ben ene are stable. As shown in the figure, for these molecules, ΔG(r =
1.0 Å) is almost independent of surfactant composition. The structural change of the
hydrophilic group of the mixed micelle occurs at around r = 20 Å. It is considered that the
solubilization near the center of the micelle is not strongly affected by this structural change.
Furthermore, in the vicinity of the micelle center, there is a separation of the distributions
of the SDS and C12E8 dodecyl groups. However, these are the same hydrophobic alkyl
chains that form the hydrophobic micelle core, and have the same interactions with solute
molecules. Therefore, the influence of the structural change of the micelle core on
solubilization is considered to be small.

87

Chapter 3

Figure 3.11 also shows the ΔG (r = 1.0 Å) values for phenol. For all compositions,
ΔG(r) reaches 15 kJ/mol, and thus phenol is highly unstable in the center of the mixed
micelle. This is considered to be due to the loss of the hydrogen bond of the hydroxyl group
by the transfer of phenol to the hydrophobic core. Figure 3.12 shows the proportion of
phenol that provides the hydrogen atom of its hydroxyl group to the oxgen atom of the POE
group. For all compositions, when phenol is constrained at r = 1 Å, the hydroxyl group is
rarely hydrogen-bonded to the oxygen atom of the POE group. The ratio of the hydroxyl
group of phenol that provides an hydrogen atom to the oxygen atom of the POE group is
obviously increased at r = 10 Å. This increase is greatest in mixed micelles with high C12E8
content. Therefore, this hydrogen bond is the main driving force that draws phenol
molecules to the outside of the micelle core. As a result, the center of micelles is an
unstable environment for phenol.

3.4 Conclusions
The equilibrium structures of micelles with six compositions (SDS/C12E8) and the free
energy profile ΔG(r) of the solubilization of cyclohexane, benzene, and phenol were
investigated using MD simulations. Two characteristic structural changes occurred in the
mixed micelles. (i) With high SDS content, the POE group captured a Na + ion in solution
and wrapped around it to form a crown-ether-like complex. (ii) The hydrophobic dodecyl
groups of SDS and C12E8 were separately distributed in the mixed micelle core. Despite
these structural changes of the micelle, the binding strength of the considered solute
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molecules to the micelle did not significantly change. Since these hydrophobic solute
molecules were distributed away from the hydrophilic group, they were only slightly
affected by it.
When functionality is added to micelles via surfactant mixing, the original micelle
characteristics should be retained from an industrial viewpoint. In this sense, the mixture of
SDS and C12E8 considered here is excellent in that the solubilization performance was
maintained while the micelles took on the characteristics of the individual surfactants. As
shown in this chapter, it is possible to evaluate the solubilization ability of mixed micelles
and analyze it at the molecular level using MD simulations. In the future, we will enhance
micelle design using MD simulations to add selectivity of solubilization via mixing.
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Table 3.1. Aggregation number and number of SDS and C12E8 molecules prepared for each
mixed micelle.

Number of molecules

SDS / C12E8

Aggregation

(mol / mol)

Number

SDS

C12E8

100 / 0

60

60

0

80 / 20

68

54

14

60 / 40

76

46

30

40 / 60

84

34

50

20 / 80

92

18

74

0 / 100

100

0

100
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Figure 3.1. Chemical structures of (a) dodecyl sulfate ion in SDS and (b) octaethylene
glycol monododecyl ether (C12E8). Gray: hydrogen atoms, cyan: carbon atoms, red: oxygen
atoms, and yellow: sulfur atom.

91

Chapter 3

Figure 3.2. Radial density profile, ρ(r), of mixed micelles consisting of SDS and C12E8 for
SDS/C12E8 ratios of (a) 100/0, (b) 80/20, (c) 60/40. (d) 40/60, (e) 20/80, and (f) 0/100. Red:
carbon atoms in alkyl chain of C12E8, pink: carbon and oxygen atoms in POE group of
C12E8, orange: carbon atoms in alkyl chain of DS ion, green: sulfur and oxygen atoms in
sulfate group of DS ion, cyan: Na+ ion, and blue: oxygen atom in water molecule.
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Figure 3.3. Typical MD snapshot of C12E8 in a mixed micelle system (SDS/ C12E8 = 60/40).
(a) POE group capturing a Na+ ion, (b) unfolded POE group after releasing the Na+ ion, and
(c) time evolution of the radius of gyration, RG, of the POE group. Black arrows indicate
the times corresponding to (a) and (b). In Figures (a) and (b), gray: hydrogen atoms, cyan:
carbon atoms, red: oxygen atoms, blue sphere: Na+ ion, and gray wires: other surfactant
molecules. In Figure (c), typical single POE group shown in Figures (a) and (b) was
highlighted by black line, and that for the other 29 molecules in the mixed micelle were
shown by gray lines.
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Figure 3.4. (a) Number of C12E8 molecules capturing Na+ ions via the POE group, (b)
molar fraction of C12E8 capturing Na+ ions. In Figure (a), black dashed lines indicate the
total number of SDS and C12E8 molecules in each composition.
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Figure 3.5. (a) The calculated radial distribution functions, g(r), for oxygen atom of SDS
(Os)-Na+ ion, oxygen atoms of C12E8 (Op)-Na+, and Os-Op for a mixed micelle system
(SDS/ C12E8 = 60/40). gOs-Na (r) and gOp-Na(r) are shifted for clarity. (b) A schematic
drawing for the bridging geometry between hydrophilic POE and sulfate groups by the Na+
ion. (c) A schematic drawing for the location difference of hydrophobic group between
SDS and C12E8. In Figures (a), each dashed line indicate g(r) = 1.
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Figure 3.6. Peak positions of the calculated number density profile, rmax, of sulfate group
(SO3-) in SDS and POE group in C12E8 for several SDS/C12E8 compositions evaluated from
Figures 3.2(a)-(f).
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Figure 3.7. Free energy profile, ΔG(r), of solubilization of cyclohexane (circle), benzene
(triangle), and phenol (square) from the bulk water phase to the center of mass of the
micelle for SDS/C12E8 ratios of (a) 100/0, (b) 80/20, (c) 60/40, (d) 40/60, (e) 20/80, and (f)
0/100. Since statistics for phenol is ten times larger than cyclohexane and benzene, errors
for the former is much smaller than the latter two.
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Figure 3.8. Trajectories of center of mass of phenol molecule constrained at r = 20 Å from
micelle center of SDS/C12E8=40/60 plotted every 100 ps for total 100 ns MD simulations.
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Figure 3.9. The calculated number distribution, 4πr2 f(r), of benzene molecules in pure
SDS micelle.
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Figure 3.10. The calculated density distribution, f(r) = exp(-ΔG(r)/RT), of phenol and
methanol in pure SDS micelle. The f(r) of methanol is from Fujimoto et al. 102.
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Figure 3.11. Free energy, ΔG(r), of cyclohexane (circle), benzene (triangle), and phenol
(square) at r = 1.0 Å for SDS/C12E8 mixed micelles. Since statistics for phenol is ten times
larger than cyclohexane and benzene, errors for the former is much smaller than the latter
two.

101

Chapter 3

Figure 3.12. Number of phenol molecules providing the hydroxyl hydrogen atom to the
POE group. Open circle: phenol is fixed at r = 1.0 Å. Solid circle: phenol is fixed at r = 10
Å.
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Conclusion
Molecular dynamics (MD) simulations have been used to clarify detailed structure and
molecular behaviors of hydrated crystal (Lc) and mixed micelles of surfactants that
commonly used in industrial applications. In this dissertation, I have investigated the
following topics particularly; (1) Structural formation of low-water content lamellae
composed of alkylbenzene sulfonate (LAS), and (2) Solubilization by mixed micelles of
sodium dodecyl sulfate (SDS) and octaethyleneglycol monododecyl ether (C12E8).
In Chapter 1, we first identified the Lc structure of LAS at ambient temperature by
combining X-ray diffraction (XRD) with all-atom MD simulation. It is known that the Lc
phase only a stoichiometrically small number of water molecules, and the number of water
molecules located in the inter-lamellar layers may change when the system shows the
thermally induced phase transition. Therefore, we explored possible crystal structures with
five different hydration levels of 0, ½, 1, 2, and 4 water per LAS using MD method which
are compared with the d-spacing measured by XRD. Among them, only the diffraction
pattern calculated for the monohydrate well explain the experimental diffraction pattern at
300 K. A structural change of the monohydrate from the Lc phase to the tilted gel (Lβʹ)
phase was also observed by heating from 300 to 360 K in the MD simulations, where a
cross-sectional structure of the alkyl groups of LAS molecules changed from a facecentered rectangular lattice to a hexagonal one. Further heating to 400 K resulted in a
disordered liquid crystals (Lα) phase. Thus, change in configuration of LAS during
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thermally induced phase transitions was well explored and characterized by the MD
simulations with the aid of the XRD data.
In Chapter 2, we investigated the translational and conformational dynamics of LAS
molecules in the Lc, Lβʹ, and Lα phases. In the Lα phase, the lateral diffusion of LAS is as
fast as that of phospholipids in the Lα phase. The self-diffusion coefficient was undetectably
small in the Lc and Lβʹ phases. The conformation of LAS in the Lα phase relaxes very
rapidly (~ 20 ps), whereas those in the Lc and Lβʹ phases relax very slowly (~ more than 50
ns). The time scale of the relaxations greatly depends on the segment of the LAS molecule
in the latter two phases. The relaxation time for the SO3- head group and benzene ring was
much longer than that for alkyl chains. Conformational pattern analyses of LAS alkyl
chains revealed that high fraction of the gauche conformation for the odd-numbered C-C
bonds aligns the chain parallel to the bilayer normal and is the main origin of the different
relaxation time for the different segments in the chain. In the Lc, Lβʹ, and Lα phases,
orientation of the SO3- group and the benzene ring is locked by the salt bridge among SO3groups and sodium ions and by the steric hindrance by the alkyl chains, respectively. As a
result, the orientational order found for the C-C bonds in the LAS alkyl chains is kept even
in the Lα phase. This means that phase transition temperature of the lamellae can be
controlled by limiting the conformational change of the alkyl chain.
In Chapter 3, MD simulations were performed for mixed micelles composed of SDS
and C12E8 with six compositions (SDS/C12E8 = 100/0, 80/20, 60/40, 40/60, 20/80, and
0/100) to investigate the composition dependence of the mixed micelle structure and
solubilization of cyclohexane, benzene, and phenol molecules by the micelles. The radial
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density distribution of the hydrophilic polyoxyethylene (POE) group of C12E8 is very sharp
for micelles with high SDS content because the POE group captures a Na+ ion in solution
and wraps around it to form a compact crown-ether-like complex. The hydrophobic
dodecyl groups of SDS and C12E8 were separately distributed in the mixed micelle core.
ΔG(r) evaluated for each solute showed that despite the structural changes of the micelle
the binding strength of the solute molecules to the micelle did not change significantly.
Throughout the present study, a few important findings for the development of
detergents were obtained. In the studies on lamellar structure of LAS, we found that
specific interaction and molecular topology such as salt bridge of inter-lamellar and steric
hindrance of benzene ring, respectively, in the Lc phase are the main cause of the
precipitation. Therefore, in order to develop high performance detergent with long term
stability even at low temperatures, surfactant molecule which enhances the mobility of the
hydrophilic group can be proposed as a candidate. From the solubilization study of the
mixed micelles, no mixing ratio dependence was found for the solubilizaiton free energy,
ΔG(r), for the present three C6 cyclic substances. It is presumed that the C6 cyclic solutes
are so small that the difference in the micelle structure does not affect much on the free
energy. However, in the case of lipids and proteins with large molecular weight, the free
energy of solubilization may be sensitive to the composition. Further, with respect to
phenol, the number of hydrogen bonds between hydroxyl group of the phenol and the POE
group depends much on the mixing ratio of the surfactants. The findings are all useful for
the design of the surfactants for the solubilization.
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